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Preface

In 1986, the U.S. Environmental Protection Agency (EPA) established a
maximum-contaminant-level goal (MCLG) of 4 milligrams per liter (mg/L)
and a secondary maximum contaminant level (SMCL) of 2 mg/L for fluoride
in drinking water. These exposure values are not recommendations for the
artificial fluoridation of drinking water, but are guidelines for areas in the
United States that are contaminated or have high concentrations of natu-
rally occurring fluoride. The goal of the MCLG is to establish an exposure
guideline to prevent adverse health effects in the general population, and
the goal of the SMCL is to reduce the occurrence of adverse cosmetic con-
sequences from exposure to fluoride. Both the MCLG and the SMCL are
nonenforceable guidelines.

The regulatory standard for drinking water is the maximum contami-
nant level (MCL), which is set as close to the MCLG as possible, with the
use of the best technology available. For fluoride, the MCL is the same as the
MCLG of 4 mg/L. In 1993, a previous committee of the National Research
Council (NRC) reviewed the health effects of ingested fluoride and EPA’s
MCL. It concluded that the MCL was an appropriate interim standard,
but that further research was needed to fill data gaps on total exposures to
fluoride and its toxicity. Because new research on fluoride is now available
and because the Safe Drinking Water Act requires periodic reassessment of
regulations for drinking water contaminants, EPA requested that the NRC
evaluate the adequacy of its MCLG and SMCL for fluoride to protect public
health. In response to EPA’s request, the NRC convened the Committee on
Fluoride in Drinking Water, which prepared this report. The committee was
charged to review toxicologic, epidemiologic, and clinical data on fluoride,

x1ii
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particularly data published since 1993, and exposure data on orally ingested
fluoride from drinking water and other sources. Biographical information
on the committee members is provided in Appendix A.

This report presents the committee’s review of the scientific basis of
EPA’s MCLG and SMCL for fluoride, and their adequacy for protecting
children and others from adverse health effects. The committee consid-
ers the relative contribution of various sources of fluoride (e.g., drinking
water, food, dental hygiene products) to total exposure, and identifies data
gaps and makes recommendations for future research relevant to setting
the MCLG and SMCL for fluoride. Addressing questions of economics,
risk-benefit assessment, or water-treatment technology was not part of the
committee’s charge.

This report has been reviewed in draft form by individuals chosen for
their diverse perspectives and technical expertise, in accordance with pro-
cedures approved by the NRC’s Report Review Committee. The purpose
of this independent review is to provide candid and critical comments that
will assist the institution in making its published report as sound as possible
and to ensure that the report meets institutional standards for objectivity,
evidence, and responsiveness to the study charge. The review comments and
draft manuscript remain confidential to protect the integrity of the delibera-
tive process. We wish to thank the following individuals for their review of
this report: Kenneth Cantor, National Cancer Institute; Caswell Evans, Jr.,
University of Illinois at Chicago; Michael Gallo, University of Medicine and
Dentistry of New Jersey; Mari Golub, California Environmental Protection
Agency; Philippe Grandjean, University of Southern Denmark; David Hoel,
Medical University of South Carolina; James Lamb, The Weinberg Group
Inc.; Betty Olson, University of California at Irvine; Elizabeth Platz, Johns
Hopkins Bloomberg School of Public Health; George Stookey, Indiana Uni-
versity School of Dentistry; Charles Turner, University of Indiana; Robert
Utiger, Harvard Institute of Medicine; Gary Whitford, Medical College of
Georgia; and Gerald Wogan, Massachusetts Institute of Technology.

Although the reviewers listed above have provided many constructive
comments and suggestions, they were not asked to endorse the conclusions
or recommendations, nor did they see the final draft of the report before its
release. The review of this report was overseen by John C. Bailar, University
of Chicago, and Gilbert S. Omenn, University of Michigan Medical School.
Appointed by the NRC, they were responsible for making certain that an
independent examination of this report was carried out in accordance with
institutional procedures and that all review comments were carefully con-
sidered. Responsibility for the final content of this report rests entirely with
the authoring committee and the institution.

The committee gratefully acknowledges the individuals who made pre-
sentations to the committee at its public meetings. They include Paul Con-

Copyright © National Academy of Sciences. All rights reserved.
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nett, St. Lawrence University; Joyce Donohue, EPA; Steve Levy, University of
Towa; William Maas, Centers for Disease Control and Prevention; Edward
Ohanian, EPA; Charles Turner, Indiana University; and Gary Whitford,
University of Georgia. The committee also wishes to thank Thomas Burke,
Johns Hopkins University; Michael Morris, University of Michigan; Bernard
Wagner, Wagner and Associates; and Lauren Zeise, California Environmen-
tal Protection Agency, who served as consultants to the committee.

The committee is grateful for the assistance of the NRC staff in prepar-
ing the report. It particularly wishes to acknowledge the outstanding staff
support from project director Susan Martel. We are grateful for her persis-
tence and patience in keeping us focused and moving ahead on the task and
her expertise and skill in reconciling the differing viewpoints of committee
members. Other staff members who contributed to this effort are James
Reisa, director of the Board on Environmental Studies and Toxicology; Kul-
bir Bakshi, program director for the Committee on Toxicology; Cay Butler,
editor; Mirsada Karalic-Loncarevic, research associate; Jennifer Saunders,
research associate; and Tamara Dawson, senior project assistant.

Finally, I would like to thank all the members of the committee for their
efforts throughout the development of this report.

John Doull, M.D., Ph.D., Chair
Committee on Fluoride in Drinking Water
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Summary

Under the Safe Drinking Water Act, the U.S. Environmental Protection
Agency (EPA) is required to establish exposure standards for contaminants
in public drinking-water systems that might cause any adverse effects on
human health. These standards include the maximum contaminant level
goal (MCLG), the maximum contaminant level (MCL), and the secondary
maximum contaminant level (SMCL). The MCLG is a health goal set at a
concentration at which no adverse health effects are expected to occur and
the margins of safety are judged “adequate.” The MCL is the enforceable
standard that is set as close to the MCLG as possible, taking into consider-
ation other factors, such as treatment technology and costs. For some con-
taminants, EPA also establishes an SMCL, which is a guideline for managing
drinking water for aesthetic, cosmetic, or technical effects.

Fluoride is one of the drinking-water contaminants regulated by EPA. In
1986, EPA established an MCLG and MCL for fluoride at a concentration
of 4 milligrams per liter (mg/L) and an SMCL of 2 mg/L. These guidelines
are restrictions on the total amount of fluoride allowed in drinking water.
Because fluoride is well known for its use in the prevention of dental car-
ies, it is important to make the distinction here that EPA’s drinking-water
guidelines are not recommendations about adding fluoride to drinking water
to protect the public from dental caries. Guidelines for that purpose (0.7 to
1.2 mg/L) were established by the U.S. Public Health Service more than 40
years ago. Instead, EPA’s guidelines are maximum allowable concentrations
in drinking water intended to prevent toxic or other adverse effects that
could result from exposure to fluoride.

In the early 1990s at the request of EPA, the National Research Council
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2 FLUORIDE IN DRINKING WATER

(NRC) independently reviewed the health effects of ingested fluoride and
the scientific basis for EPA’s MCL. It concluded that the MCL was an ap-
propriate interim standard but that further research was needed to fill data
gaps on total exposure to fluoride and its toxicity. Because new research on
fluoride is now available and because the Safe Drinking Water Act requires
periodic reassessment of regulations for drinking-water contaminants, EPA
requested that the NRC again evaluate the adequacy of its MCLG and
SMCL for fluoride to protect public health.

COMMITTEE’S TASK

In response to EPA’s request, the NRC convened the Committee on
Fluoride in Drinking Water, which prepared this report. The committee was
charged to review toxicologic, epidemiologic, and clinical data on fluoride—
particularly data published since the NRC’s previous (1993) report—and
exposure data on orally ingested fluoride from drinking water and other
sources. On the basis of its review, the committee was asked to evaluate
independently the scientific basis of EPA’s MCLG of 4 mg/L and SMCL of
2 mg/L in drinking water and the adequacy of those guidelines to protect
children and others from adverse health effects. The committee was asked to
consider the relative contribution of various fluoride sources (e.g., drinking
water, food, dental-hygiene products) to total exposure. The committee was
also asked to identify data gaps and to make recommendations for future
research relevant to setting the MCLG and SMCL for fluoride. Addressing
questions of artificial fluoridation, economics, risk-benefit assessment, and
water-treatment technology was not part of the committee’s charge.

THE COMMITTEE’S EVALUATION

To accomplish its task, the committee reviewed a large body of research
on fluoride, focusing primarily on studies generated since the early 1990s,
including information on exposure; pharmacokinetics; adverse effects on
various organ systems; and genotoxic and carcinogenic potential. The col-
lective evidence from in vitro assays, animal research, human studies, and
mechanistic information was used to assess whether multiple lines of evi-
dence indicate human health risks. The committee only considered adverse
effects that might result from exposure to fluoride; it did not evaluate health
risk from lack of exposure to fluoride or fluoride’s efficacy in preventing
dental caries.

After reviewing the collective evidence, including studies conducted
since the early 1990s, the committee concluded unanimously that the
present MCLG of 4 mg/L for fluoride should be lowered. Exposure at the
MCLG clearly puts children at risk of developing severe enamel fluorosis,
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a condition that is associated with enamel loss and pitting. In addition, the
majority of the committee concluded that the MCLG is not likely to be pro-
tective against bone fractures. The basis for these conclusions is expanded
upon below.

Exposure to Fluoride

The major sources of exposure to fluoride are drinking water, food,
dental products, and pesticides. The biggest contributor to exposure for
most people in the United States is drinking water. Estimates from 1992
indicate that approximately 1.4 million people in the United States had
drinking water with natural fluoride concentrations of 2.0-3.9 mg/L, and
just over 200,000 people had concentrations equal to or exceeding 4 mg/L
(the presented MCL). In 2000, it was estimated that approximately 162 mil-
lion people had artificially fluoridated water (0.7-1.2 mg/L).

Food sources contain various concentrations of fluoride and are the sec-
ond largest contributor to exposure. Beverages contribute most to estimated
fluoride intake, even when excluding contributions from local tap water. The
greatest source of nondietary fluoride is dental products, primarily tooth-
pastes. The public is also exposed to fluoride from background air and from
certain pesticide residues. Other sources include certain pharmaceuticals and
consumer products.

Highly exposed subpopulations include individuals who have high con-
centrations of fluoride in drinking water, who drink unusually large volumes
of water, or who are exposed to other important sources of fluoride. Some
subpopulations consume much greater quantities of water than the 2 L
per day that EPA assumes for adults, including outdoor workers, athletes,
and people with certain medical conditions, such as diabetes insipidus. On
a per-body-weight basis, infants and young children have approximately
three to four times greater exposure than do adults. Dental-care products
are also a special consideration for children, because many tend to use more
toothpaste than is advised, their swallowing control is not as well developed
as that of adults, and many children under the care of a dentist undergo
fluoride treatments.

Overall, the committee found that the contribution to total fluoride
exposure from fluoride in drinking water in the average person, depending
on age, is 57% to 90% at 2 mg/L and 72% to 94% at 4 mg/L. For high-
water-intake individuals, the drinking-water contribution is 86% to 96%
at 2 mg/L and 92% to 98% at 4 mg/L. Among individuals with an average
water-intake rate, infants and children have the greatest total exposure to
fluoride, ranging from 0.079 to 0.258 mg/kg/day at 4 mg/L and 0.046 to
0.144 mg/kg/day at 2 mg/L in drinking water. For high-water-intake indi-
viduals exposed to fluoride at 4 mg/L, total exposure ranges from 0.294
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mg/kg/day for adults to 0.634 mg/kg/day for children. The corresponding
intake range at 2 mg/L is 0.154 to 0.334 mg/kg/day for adults and children,
respectively.

Dental Effects

Enamel fluorosis is a dose-related mottling of enamel that can range
from mild discoloration of the tooth surface to severe staining and pitting.
The condition is permanent after it develops in children during tooth for-
mation, a period ranging from birth until about the age of 8. Whether to
consider enamel fluorosis, particularly the moderate to severe forms, to be
an adverse health effect or a cosmetic effect has been the subject of debate
for decades. In previous assessments, all forms of enamel fluorosis, includ-
ing the severest form, have been judged to be aesthetically displeasing but
not adverse to health. This view has been based largely on the absence of
direct evidence that severe enamel fluorosis results in tooth loss; loss of tooth
function; or psychological, behavioral, or social problems.

Severe enamel fluorosis is characterized by dark yellow to brown stain-
ing and discrete and confluent pitting, which constitutes enamel loss. The
committee finds the rationale for considering severe enamel fluorosis only
a cosmetic effect to be much weaker for discrete and confluent pitting than
for staining. One of the functions of tooth enamel is to protect the dentin
and, ultimately, the pulp from decay and infection. Severe enamel fluorosis
compromises that health-protective function by causing structural damage
to the tooth. The damage to teeth caused by severe enamel fluorosis is a toxic
effect that is consistent with prevailing risk assessment definitions of adverse
health effects. This view is supported by the clinical practice of filling enamel
pits in patients with severe enamel fluorosis and restoring the affected teeth.
Moreover, the plausible hypothesis concerning elevated frequency of caries
in persons with severe enamel fluorosis has been accepted by some authori-
ties, and the available evidence is mixed but generally supportive.

Severe enamel fluorosis occurs at an appreciable frequency, approxi-
mately 10% on average, among children in U.S. communities with water
fluoride concentrations at or near the current MCLG of 4 mg/L. Thus, the
MCLG is not adequately protective against this condition.

Two of the 12 members of the committee did not agree that severe
enamel fluorosis should now be considered an adverse health effect. They
agreed that it is an adverse dental effect but found that no new evidence has
emerged to suggest a link between severe enamel fluorosis, as experienced in
the United States, and a person’s ability to function. They judged that dem-
onstration of enamel defects alone from fluorosis is not sufficient to change
the prevailing opinion that severe enamel fluorosis is an adverse cosmetic
effect. Despite their disagreement on characterization of the condition, these
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two members concurred with the committee’s conclusion that the MCLG
should prevent the occurrence of this unwanted condition.

Enamel fluorosis is also of concern from an aesthetic standpoint because
it discolors or results in staining of teeth. No data indicate that staining
alone affects tooth function or susceptibility to caries, but a few studies have
shown that tooth mottling affects aesthetic perception of facial attractive-
ness. It is difficult to draw conclusions from these studies, largely because
perception of the condition and facial attractiveness are subjective and cul-
turally influenced. The committee finds that it is reasonable to assume that
some individuals will find moderate enamel fluorosis on front teeth to be
detrimental to their appearance and that it could affect their overall sense
of well-being. However, the available data are not adequate to categorize
moderate enamel fluorosis as an adverse health effect on the basis of struc-
tural or psychological effects.

Since 1993, there have been no new studies of enamel fluorosis in U.S.
communities with fluoride at 2 mg/L in drinking water. Earlier studies indi-
cated that the prevalence of moderate enamel fluorosis at that concentration
could be as high as 15%. Because enamel fluorosis has different distribu-
tion patterns among teeth, depending on when exposure occurred during
tooth development and on enamel thickness, and because current indexes
for categorizing enamel fluorosis do not differentiate between mottling of
anterior and posterior teeth, the committee was not able to determine what
percentage of moderate cases might be of cosmetic concern.

Musculoskeletal Effects

Concerns about fluoride’s effects on the musculoskeletal system histori-
cally have been and continue to be focused on skeletal fluorosis and bone
fracture. Fluoride is readily incorporated into the crystalline structure of
bone and will accumulate over time. Since the previous 1993 NRC review
of fluoride, two pharmacokinetic models were developed to predict bone
concentrations from chronic exposure to fluoride. Predictions based on these
models were used in the committee’s assessments below.

Skeletal Fluorosis

Skeletal fluorosis is a bone and joint condition associated with prolonged
exposure to high concentrations of fluoride. Fluoride increases bone density
and appears to exacerbate the growth of osteophytes present in the bone and
joints, resulting in joint stiffness and pain. The condition is categorized into
one of four stages: a preclinical stage and three clinical stages that increase
in severity. The most severe stage (clinical stage III) historically has been
referred to as the “crippling” stage. At stage II, mobility is not significantly
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affected, but it is characterized by chronic joint pain, arthritic symptoms,
slight calcification of ligaments, and osteosclerosis of the cancellous bones.
Whether EPA’s MCLG of 4 mg/L protects against these precursors to more
serious mobility problems is unclear.

Few clinical cases of skeletal fluorosis in healthy U.S. populations
have been reported in recent decades, and the committee did not find any
recent studies to evaluate the prevalence of the condition in populations
exposed to fluoride at the MCLG. Thus, to answer the question of whether
EPA’s MCLG protects the general public from stage II and stage III skeletal
fluorosis, the committee compared pharmacokinetic model predictions of
bone fluoride concentrations and historical data on iliac-crest bone fluoride
concentrations associated with the different stages of skeletal fluorosis. The
models estimated that bone fluoride concentrations resulting from lifetime
exposure to fluoride in drinking water at 2 mg/L (4,000 to 5,000 mg/kg ash)
or 4 mg/L (10,000 to 12,000 mg/kg ash) fall within or exceed the ranges
historically associated with stage IT and stage III skeletal fluorosis (4,300 to
9,200 mg/kg ash and 4,200 to 12,700 mg/kg ash, respectively). However,
this comparison alone is insufficient for determining whether stage II or III
skeletal fluorosis is a risk for populations exposed to fluoride at 4 mg/L,
because bone fluoride concentrations and the levels at which skeletal fluoro-
sis occurs vary widely. On the basis of the existing epidemiologic literature,
stage III skeletal fluorosis appears to be a rare condition in the United Sates;
furthermore, the committee could not determine whether stage II skeletal
fluorosis is occurring in U.S. residents who drink water with fluoride at 4
mg/L. Thus, more research is needed to clarify the relationship between
fluoride ingestion, fluoride concentrations in bone, and stage of skeletal
fluorosis before any conclusions can be drawn.

Bone Fractures

Several epidemiologic studies of fluoride and bone fractures have been
published since the 1993 NRC review. The committee focused its review on
observational studies of populations exposed to drinking water containing
fluoride at 2 to 4 mg/L or greater and on clinical trials of fluoride (20-34 mg/
day) as a treatment for osteoporosis. Several strong observational studies in-
dicated an increased risk of bone fracture in populations exposed to fluoride
at 4 mg/L, and the results of other studies were qualitatively consistent with
that finding. The one study using serum fluoride concentrations found no
appreciable relationship to fractures. Because serum fluoride concentrations
may not be a good measure of bone fluoride concentrations or long-term
exposure, the ability to show an association might have been diminished in
that study. A meta-analysis of randomized clinical trials reported an elevated
risk of new nonvertebral fractures and a slightly decreased risk of vertebral
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fractures after 4 years of fluoride treatment. An increased risk of bone frac-
ture was found among a subset of the trials that the committee found most
informative for assessing long-term exposure. Although the duration and
concentrations of exposure to fluoride differed between the observational
studies and the clinical trials, bone fluoride content was similar (6,200 to
more than 11,000 mg/kg ash in observational studies and 5,400 to 12,000
mg/kg ash in clinical trials).

Fracture risk and bone strength have been studied in animal models.
The weight of evidence indicates that, although fluoride might increase bone
volume, there is less strength per unit volume. Studies of rats indicate that
bone strength begins to decline when fluoride in bone ash reaches 6,000 to
7,000 mg/kg. However, more research is needed to address uncertainties
associated with extrapolating data on bone strength and fractures from
animals to humans. Important species differences in fluoride uptake, bone
remodeling, and growth must be considered. Biochemical and physiological
data indicate a biologically plausible mechanism by which fluoride could
weaken bone. In this case, the physiological effect of fluoride on bone qual-
ity and risk of fracture observed in animal studies is consistent with the
human evidence.

Overall, there was consensus among the committee that there is scien-
tific evidence that under certain conditions fluoride can weaken bone and
increase the risk of fractures. The majority of the committee concluded that
lifetime exposure to fluoride at drinking-water concentrations of 4 mg/L
or higher is likely to increase fracture rates in the population, compared
with exposure to 1 mg/L, particularly in some demographic subgroups that
are prone to accumulate fluoride into their bones (e.g., people with renal
disease). However, 3 of the 12 members judged that the evidence only sup-
ports a conclusion that the MCLG might not be protective against bone
fracture. Those members judged that more evidence is needed to conclude
that bone fractures occur at an appreciable frequency in human popula-
tions exposed to fluoride at 4 mg/L and that the MCLG is not likely to
be protective.

There were few studies to assess fracture risk in populations exposed to
fluoride at 2 mg/L in drinking water. The best available study, from Finland,
suggested an increased rate of hip fracture in populations exposed to fluo-
ride at concentrations above 1.5 mg/L. However, this study alone is not suf-
ficient to judge fracture risk for people exposed to fluoride at 2 mg/L. Thus,
no conclusions could be drawn about fracture risk or safety at 2 mg/L.

Reproductive and Developmental Effects

A large number of reproductive and developmental studies in animals
have been conducted and published since the 1993 NRC report, and the
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overall quality of that database has improved significantly. Those studies
indicated that adverse reproductive and developmental outcomes occur
only at very high concentrations that are unlikely to be encountered by
U.S. populations. A few human studies suggested that high concentrations
of fluoride exposure might be associated with alterations in reproductive
hormones, effects on fertility, and developmental outcomes, but design
limitations make those studies insufficient for risk evaluation.

Neurotoxicity and Neurobehavioral Effects

Animal and human studies of fluoride have been published reporting
adverse cognitive and behavioral effects. A few epidemiologic studies of Chi-
nese populations have reported 1Q deficits in children exposed to fluoride at
2.5 to 4 mg/L in drinking water. Although the studies lacked sufficient detail
for the committee to fully assess their quality and relevance to U.S. popula-
tions, the consistency of the results appears significant enough to warrant
additional research on the effects of fluoride on intelligence.

A few animal studies have reported alterations in the behavior of
rodents after treatment with fluoride, but the committee did not find the
changes to be substantial in magnitude. More compelling were studies on
molecular, cellular, and anatomical changes in the nervous system found
after fluoride exposure, suggesting that functional changes could occur.
These changes might be subtle or seen only under certain physiological or
environmental conditions. More research is needed to clarify the effect of
fluoride on brain chemistry and function.

Endocrine Effects

The chief endocrine effects of fluoride exposures in experimental ani-
mals and in humans include decreased thyroid function, increased calcitonin
activity, increased parathyroid hormone activity, secondary hyperparathy-
roidism, impaired glucose tolerance, and possible effects on timing of sexual
maturity. Some of these effects are associated with fluoride intake that is
achievable at fluoride concentrations in drinking water of 4 mg/L or less,
especially for young children or for individuals with high water intake.
Many of the effects could be considered subclinical effects, meaning that
they are not adverse health effects. However, recent work on borderline
hormonal imbalances and endocrine-disrupting chemicals indicated that ad-
verse health effects, or increased risks for developing adverse effects, might
be associated with seemingly mild imbalances or perturbations in hormone
concentrations. Further research is needed to explore these possibilities.
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Effects on Other Organ Systems

The committee also considered effects on the gastrointestinal system,
kidneys, liver, and immune system. There were no human studies on drink-
ing water containing fluoride at 4 mg/L in which gastrointestinal, renal,
hepatic, or immune effects were carefully documented. Case reports and in
vitro and animal studies indicated that exposure to fluoride at concentra-
tions greater than 4 mg/L can be irritating to the gastrointestinal system,
affect renal tissues and function, and alter hepatic and immunologic param-
eters. Such effects are unlikely to be a risk for the average individual exposed
to fluoride at 4 mg/L in drinking water. However, a potentially susceptible
subpopulation comprises individuals with renal impairments who retain
more fluoride than healthy people do.

Genotoxicity and Carcinogenicity

Many assays have been performed to assess the genotoxicity of fluoride.
Since the 1993 NRC review, the most significant additions to the database
are in vivo assays in human populations and, to a lesser extent, in vitro
assays with human cell lines and in vivo experiments with rodents. The
results of the in vivo human studies are mixed. The results of in vitro tests
are also conflicting and do not contribute significantly to the interpretation
of the existing database. Evidence on the cytogenetic effects of fluoride at
environmental concentrations is contradictory.

Whether fluoride might be associated with bone cancer has been a
subject of debate. Bone is the most plausible site for cancer associated with
fluoride because of its deposition into bone and its mitogenic effects on bone
cells in culture. In a 1990 cancer bioassay, the overall incidence of osteo-
sarcoma in male rats exposed to different amounts of fluoride in drinking
water showed a positive dose-response trend. In a 1992 study, no increase in
osteosarcoma was reported in male rats, but most of the committee judged
the study to have insufficient power to counter the evidence for the trend
found in the 1990 bioassay.

Several epidemiologic investigations of the relation between fluoride
and cancer have been performed since the 1993 evaluation, including both
individual-based and ecologic studies. Several studies had significant meth-
odological limitations that made it difficult to draw conclusions. Overall,
the results are mixed, with some studies reporting a positive association and
others no association.

On the basis of the committee’s collective consideration of data from
humans, genotoxicity assays, and studies of mechanisms of action in cell
systems (e.g., bone cells in vitro), the evidence on the potential of fluoride
to initiate or promote cancers, particularly of the bone, is tentative and
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mixed. Assessing whether fluoride constitutes a risk factor for osteosarcoma
is complicated by the rarity of the disease and the difficulty of characterizing
biologic dose because of the ubiquity of population exposure to fluoride and
the difficulty of acquiring bone samples in nonaffected individuals.

A relatively large hospital-based case-control study of osteosarcoma and
fluoride exposure is under way at the Harvard School of Dental Medicine
and is expected to be published in 2006. That study will be an important
addition to the fluoride database, because it will have exposure information
on residence histories, water consumption, and assays of bone and toenails.
The results of that study should help to identify what future research will
be most useful in elucidating fluoride’s carcinogenic potential.

DRINKING-WATER STANDARDS

Maximum-Contaminant-Level Goal

In light of the collective evidence on various health end points and
total exposure to fluoride, the committee concludes that EPA’s MCLG of 4
mg/L should be lowered. Lowering the MCLG will prevent children from
developing severe enamel fluorosis and will reduce the lifetime accumulation
of fluoride into bone that the majority of the committee concludes is likely
to put individuals at increased risk of bone fracture and possibly skeletal
fluorosis, which are particular concerns for subpopulations that are prone
to accumulating fluoride in their bones.

To develop an MCLG that is protective against severe enamel fluorosis,
clinical stage II skeletal fluorosis, and bone fractures, EPA should update the
risk assessment of fluoride to include new data on health risks and better es-
timates of total exposure (relative source contribution) for individuals. EPA
should use current approaches for quantifying risk, considering susceptible
subpopulations, and characterizing uncertainties and variability.

Secondary Maximum Contaminant Level

The prevalence of severe enamel fluorosis is very low (near zero) at fluo-
ride concentrations below 2 mg/L. From a cosmetic standpoint, the SMCL
does not completely prevent the occurrence of moderate enamel fluorosis.
EPA has indicated that the SMCL was intended to reduce the severity and
occurrence of the condition to 15% or less of the exposed population. The
available data indicate that fewer than 15% of children will experience
moderate enamel fluorosis of aesthetic concern (discoloration of the front
teeth) at that concentration. However, the degree to which moderate enamel
fluorosis might go beyond a cosmetic effect to create an adverse psychologi-
cal effect or an adverse effect on social functioning is not known.
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OTHER PUBLIC HEALTH ISSUES

The committee’s conclusions regarding the potential for adverse effects
from fluoride at 2 to 4 mg/L in drinking water do not address the lower
exposures commonly experienced by most U.S. citizens. Fluoridation is
widely practiced in the United States to protect against the development
of dental caries; fluoride is added to public water supplies at 0.7 to 1.2
mg/L. The charge to the committee did not include an examination of the
benefits and risks that might occur at these lower concentrations of fluoride
in drinking water.

RESEARCH NEEDS

As noted above, gaps in the information on fluoride prevented the
committee from making some judgments about the safety or the risks of
fluoride at concentrations of 2 to 4 mg/L. The following research will be
useful for filling those gaps and guiding revisions to the MCLG and SMCL
for fluoride.

e Exposure assessment

— Improved assessment of exposure to fluoride from all sources is
needed for a variety of populations (e.g., different socioeconomic condi-
tions). To the extent possible, exposures should be characterized for indi-
viduals rather than communities, and epidemiologic studies should group
individuals by exposure level rather than by source of exposure, location of
residence, or fluoride concentration in drinking water. Intakes or exposures
should be characterized with and without normalization for body weight.
Fluoride should be included in nationwide biomonitoring surveys and nutri-
tional studies; in particular, analysis of fluoride in blood and urine samples
taken in these surveys would be valuable.

e Pharmacokinetic studies

— The concentrations of fluoride in human bone as a function of ex-
posure concentration, exposure duration, age, sex, and health status should
be studied. Such studies would be greatly aided by noninvasive means of
measuring bone fluoride. Information is particularly needed on fluoride
plasma and bone concentrations in people with small-to-moderate changes
in renal function as well as in those with serious renal deficiency.

— Improved and readily available pharmacokinetic models should
be developed. Additional cross-species pharmacokinetic comparisons would
help to validate such models.

e Studies of enamel fluorosis

— Additional studies, including longitudinal studies, should be done

in U.S. communities with water fluoride concentrations greater than 1 mg/L.

Copyright © National Academy of Sciences. All rights reserved.



Fluoride in Drinking Water: A Scientific Review of EPA's Standards
http://www.nap.edu/catalog/11571.html

12 FLUORIDE IN DRINKING WATER

These studies should focus on moderate and severe enamel fluorosis in
relation to caries and in relation to psychological, behavioral, and social
effects among affected children, their parents, and affected children after
they become adults.

— Methods should be developed and validated to objectively assess
enamel fluorosis. Consideration should be given to distinguishing between
staining or mottling of the anterior teeth and of the posterior teeth so that
aesthetic consequences can be more easily assessed.

— More research is needed on the relation between fluoride exposure
and dentin fluorosis and delayed tooth eruption patterns.

¢ Bone studies

— A systematic study of clinical stage II and stage I1I skeletal fluoro-
sis should be conducted to clarify the relationship between fluoride inges-
tion, fluoride concentration in bone, and clinical symptoms.

— More studies of communities with drinking water containing
fluoride at 2 mg/L or more are needed to assess potential bone fracture risk
at these higher concentrations. Quantitative measures of fracture, such as
radiologic assessment of vertebral body collapse, should be used instead
of self-reported fractures or hospital records. Moreover, if possible, bone
fluoride concentrations should be measured in long-term residents.

e Other health effects

— Carefully conducted studies of exposure to fluoride and emerging
health parameters of interest (e.g., endocrine effects and brain function)
should be performed in populations in the United States exposed to various
concentrations of fluoride. It is important that exposures be appropriately
documented.
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Introduction

Under the Safe Drinking Water Act, the U.S. Environmental Protection
Agency (EPA) is required to establish the concentrations of contaminants
that are permitted in public drinking-water systems. A public water system
is defined by EPA as a “system for the provision to the public of water for
human consumption through pipes or other constructed conveyances, if
such system has at least fifteen service connections or regularly serves at least
twenty-five individuals” (63 Fed. Reg. 41940 [1998]). Section 1412 of the
act, as amended in 1986, requires EPA to publish maximum-contaminant-
level goals (MCLGs) and promulgate national primary drinking-water
regulations (maximum contaminant levels [MCLs]) for contaminants in
drinking water that might cause any adverse effect on human health and that
are known or expected to occur in public water systems. MCLGs are health
goals set at concentrations at which no known or expected adverse health
effects occur and the margins of safety are adequate. MCLGs are not regu-
latory requirements but are used by EPA as a basis for establishing MCLs.
MCLs are enforceable standards to be set as close as possible to the MCLG
with use of the best technology available. For some contaminants, EPA also
establishes secondary maximum contaminant levels (SMCLs), which are
nonenforceable guidelines for managing drinking water for aesthetic, cos-
metic, or technical effects related to public acceptance of drinking water.

Fluoride is one of the natural contaminants found in public drinking
water supplies regulated by EPA. In 1986, an MCLG of 4 milligrams per
liter (mg/L) and an SMCL of 2 mg/L were established for fluoride, and an
MCL of 4 mg/L was promulgated. It is important to make the distinction
that EPA’s standards are guidelines for restricting the amount of naturally

13
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occurring fluoride in drinking water; they are not recommendations about
the practice of adding fluoride to public drinking-water systems (see below).
In this report, the National Research Council’s (NRC’s) Committee on Fluo-
ride in Drinking Water reviews the nature of the human health risks from
fluoride, estimates exposures to the general public from drinking water and
other sources, and provides an assessment of the adequacy of the MCLG
for protecting public health from adverse health effects from fluoride and
of the SMCL for protecting against cosmetic effects. Assessing the efficacy
of fluoride in preventing dental caries is not covered in this report.

This chapter briefly reviews the sources of fluoride in drinking water,
states the task the committee addressed, sets forth the committee’s activities
and deliberative process in developing the report, and describes the organi-
zation of the report.

FLUORIDE IN DRINKING WATER

Fluoride may be found in drinking water as a natural contaminant or
as an additive intended to provide public health protection from dental
caries (artificial water fluoridation). EPA’s drinking water standards are
restrictions on the amount of naturally occurring fluoride allowed in public
water systems, and are not recommendations about the practice of water
fluoridation. Recommendations for water fluoridation were established by
the U.S. Public Health Service, and different considerations were factored
into how those guidelines were established.

Natural

Fluoride occurs naturally in public water systems as a result of runoff
from weathering of fluoride-containing rocks and soils and leaching from
soil into groundwater. Atmospheric deposition of fluoride-containing emis-
sions from coal-fired power plants and other industrial sources also contrib-
utes to amounts found in water, either by direct deposition or by deposition
to soil and subsequent runoff into water. Of the approximately 10 million
people with naturally fluoridated public water supplies in 1992, around 6.7
million had fluoride concentrations less than or equal to 1.2 mg/L (CDC
1993). Approximately 1.4 million had natural fluoride concentrations be-
tween 1.3 and 1.9 mg/L, 1.4 million had between 2.0 and 3.9 mg/L, and
200,000 had concentrations equal to or exceeding 4.0 mg/L. Exceptionally
high concentrations of fluoride in drinking water are found in areas of
Colorado (11.2 mg/L), Oklahoma (12.0 mg/L), New Mexico (13.0 mg/L),
and Idaho (15.9 mg/L).

Areas of the United States with concentrations of fluoride in drinking
water greater than 1.3 mg/L are all naturally contaminated. As discussed

Copyright © National Academy of Sciences. All rights reserved.



Fluoride in Drinking Water: A Scientific Review of EPA's Standards
http://www.nap.edu/catalog/11571.html

INTRODUCTION 15

below, a narrow concentration range of 0.7 to 1.2 mg/L is recommended
when decisions are made to intentionally add fluoride into water systems.
This lower range also occurs naturally in some areas of the United States.
Information on the fluoride content of public water supplies is available
from local water suppliers and local, county, or state health departments.

Artificial

Since 19435, fluoride has been added to many public drinking-water
supplies as a public-health practice to control dental caries. The “optimal”
concentration of fluoride in drinking water for the United States for the
prevention of dental caries has been set at 0.7 to 1.2 mg/L, depending on the
mean temperature of the locality (0.7 mg/L for areas with warm climates,
where water consumption is expected to be high, and 1.2 mg/L for cool
climates, where water consumption is low) (PHS 1991). The optimal range
was determined by selecting concentrations that would maximize caries
prevention and limit enamel fluorosis, a dose-related mottling of teeth that
can range from mild discoloration of the surface to severe staining and pit-
ting. Decisions about fluoridating a public drinking-water supply are made
by state or local authorities. CDC (2002a) estimates that approximately 162
million people (65.8% of the population served by public water systems)
received optimally fluoridated water in 2000.

The practice of fluoridating water supplies has been the subject of
controversy since it began (see reviews by Nesin 1956; Wollan 1968; Mc-
Clure 1970; Marier 1977; Hileman 1988). Opponents have questioned the
motivation for and the safety of the practice; some object to it because it
is viewed as being imposed on them by the states and as an infringement
on their freedom of choice (Hileman 1988; Cross and Carton 2003). Oth-
ers claim that fluoride causes various adverse health effects and question
whether the dental benefits outweigh the risks (Colquhoun 1997). Another
issue of controversy is the safety of the chemicals used to fluoridate water.
The most commonly used additives are silicofluorides, not the fluoride
salts used in dental products (such as sodium fluoride and stannous fluo-
ride). Silicofluorides are one of the by-products from the manufacture of
phosphate fertilizers. The toxicity database on silicofluorides is sparse and
questions have been raised about the assumption that they completely dis-
sociate in water and, therefore, have toxicity similar to the fluoride salts
tested in laboratory studies and used in consumer products (Coplan and
Masters 2001).

It also has been maintained that, because of individual variations in
exposure to fluoride, it is difficult to ensure that the right individual dose
to protect against dental caries is provided through large-scale water fluo-
ridation. In addition, a body of information has developed that indicates
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the major anticaries benefit of fluoride is topical and not systemic (Zero et
al. 1992; Rolla and Ekstrand 1996; Featherstone 1999; Limeback 1999a;
Clarkson and McLoughlin 2000; CDC 2001; Fejerskov 2004). Thus, it has
been argued that water fluoridation might not be the most effective way to
protect the public from dental caries.

Public health agencies have long disputed these claims. Dental caries is
a common childhood disease. It is caused by bacteria that colonize on tooth
surfaces, where they ferment sugars and other carbohydrates, generating
lactic acid and other acids that decay tooth enamel and form a cavity. If the
cavity penetrates to the dentin (the tooth component under the enamel), the
dental pulp can become infected, causing toothaches. If left untreated, pulp
infection can lead to abscess, destruction of bone, and systemic infection
(Cawson et al. 1982; USDHHS 2000). Various sources have concluded that
water fluoridation has been an effective method for preventing dental decay
(Newbrun 1989; Ripa 1993; Horowitz 1996; CDC 2001; Truman et al.
2002). Water fluoridation is supported by the Centers for Disease Control
and Prevention (CDC) as one of the 10 great public health achievements in
the United States, because of its role in reducing tooth decay in children and
tooth loss in adults (CDC 1999). Each U.S. Surgeon General has endorsed
water fluoridation over the decades it has been practiced, emphasizing that
“[a] significant advantage of water fluoridation is that all residents of a
community can enjoy its protective benefit. . . . A person’s income level or
ability to receive dental care is not a barrier to receiving fluoridation’s health
benefits” (Carmona 2004).

As noted earlier, this report does not evaluate nor make judgments about
the benefits, safety, or efficacy of artificial water fluoridation. That practice
is reviewed only in terms of being a source of exposure to fluoride.

HISTORY OF EPA’S REGULATION OF FLUORIDE

In 1975, EPA proposed an interim primary drinking-water regulation
for fluoride of 1.4-2.4 mg/L. That range was twice the “optimal” range
of 0.7-1.2 mg/L recommended by the U.S. Public Health Service for water
fluoridation. EPA’s interim guideline was selected to prevent the occurrence
of objectionable enamel fluorosis, mottling of teeth that can be classified as
mild, moderate, or severe. In general, mild cases involve the development
of white opaque areas in the enamel of the teeth, moderate cases involve
visible brown staining, and severe cases include yellow to brown staining
and pitting and cracking of the enamel (NRC 1993). EPA considered ob-
jectionable enamel fluorosis to involve moderate to severe cases with dark
stains and pitting of the teeth.

The history of EPA’s regulation of fluoride is documented in 50 Fed.
Reg. 20164 (1985). In 1981, the state of South Carolina petitioned EPA
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to exclude fluoride from the primary drinking-water regulations and to set
only an SMCL. South Carolina contended that enamel fluorosis should be
considered a cosmetic effect and not an adverse health effect. The American
Medical Association, the American Dental Association, the Association of
State and Territorial Dental Directors, and the Association of State and Ter-
ritorial Health Officials supported the petition. After reviewing the issue, the
U.S. Public Health Service concluded there was no evidence that fluoride in
public water supplies has any adverse effects on dental health, as measured
by loss of teeth or tooth function. U.S. Surgeon General C. Everett Koop
supported that position. The National Drinking Water Advisory Council
(NDWAC) recommended that enamel fluorosis should be the basis for a
secondary drinking-water regulation. Of the health effects considered to be
adverse, NDWAC found osteosclerosis (increased bone density) to be the
most relevant end point for establishing a primary regulation.

EPA asked the U.S. Surgeon General to review the available data on the
nondental effects of fluoride and to determine the concentrations at which
adverse health effects would occur and an appropriate margin of safety to
protect public health. A scientific committee convened by the surgeon gen-
eral concluded that exposure to fluoride at 5.0 to 8.0 mg/L was associated
with radiologic evidence of osteosclerosis. Osteosclerosis was considered
to be not an adverse health effect but an indication of osseous changes that
would be prevented if the maximum content of fluoride in drinking water
did not exceed 4 mg/L. The committee further concluded that there was
no scientific documentation of adverse health effects at 8 mg/L and lower;
thus, 4 mg/L would provide a margin of safety. In 1984, the surgeon gen-
eral concluded that osteosclerosis is not an adverse health effect and that
crippling skeletal fluorosis was the most relevant adverse health effect when
considering exposure to fluoride from public drinking-water supplies. He
continued to support limiting fluoride concentrations to 2 mg/L to avoid
objectionable enamel fluorosis (50 Fed. Reg. 20164 [1985]).

In 1984, NDWAC took up the issue of whether psychological and be-
havioral effects from objectionable enamel fluorosis should be considered
adverse. The council concluded that the cosmetic effects of enamel fluorosis
could lead to psychological and behavioral problems that affect the over-
all well-being of the individual. EPA and the National Institute of Mental
Health convened an ad hoc panel of behavioral scientists to further evalu-
ate the potential psychological effects of objectionable enamel fluorosis.
The panel concluded that “individuals who have suffered impaired dental
appearance as a result of moderate or severe fluorosis are probably at in-
creased risk for psychological and behavioral problems or difficulties” (R.
E. Kleck, unpublished report, Nov. 17, 1984, as cited in 50 Fed. Reg. 20164
[1985]). NDWAC recommended that the primary drinking-water guideline
for fluoride be set at 2 mg/L (50 Fed. Reg. 20164 [1985]).
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On the basis of its review of the available data and consideration of the
recommendations of various advisory bodies, EPA set an MCLG of 4 mg/L
on the basis of crippling skeletal fluorosis (50 Fed. Reg. 47,142 [1985]).
That value was calculated from an estimated lowest-observed-adverse-effect
level of 20 mg/day for crippling skeletal fluorosis, the assumption that adult
water intake is 2 L per day, and the application of a safety factor of 2.5. This
factor was selected by EPA to establish an MCLG that was in agreement
with a recommendation from the U.S. Surgeon General. In 1986, the MCL
for fluoride was promulgated to be the same as the MCLG of 4 mg/L (51
Fed. Reg. 11,396 [1986]).

EPA also established an SMCL for fluoride of 2 mg/L to prevent objec-
tionable enamel fluorosis in a significant portion of the population (51 Fed.
Reg. 11,396 [1986]). To set that guideline, EPA reviewed data on the inci-
dence of moderate and severe enamel fluorosis and found that, at a fluoride
concentration of 2 mg/L, the incidence of moderate fluorosis ranged from
0% to 15%. Severe cases appeared to be observed only at concentrations
above 2.5 mg/L. Thus, 2 mg/L was considered adequate for preventing
enamel fluorosis that would be cosmetically objectionable. EPA established
the SMCL as an upper boundary guideline for areas that have high concen-
trations of naturally occurring fluoride. EPA does not regulate or promote
the addition of fluoride to drinking water. If fluoride in a community water
system exceeds the SMCL but not the MCL, a notice about potential risk
of enamel fluorosis must be sent to all customers served by the system (40
CFR 141.208[2005]).

In the early 1990s, the NRC was asked to independently review the
health effects of ingested fluoride and EPA’s MCL. The NRC (1993) found
EPA’s MCL of 4 mg/L to be an appropriate interim standard. Its report iden-
tified inconsistencies in the fluoride toxicity database and gaps in knowledge.
Accordingly, the NRC recommended research in the areas of fluoride intake,
enamel fluorosis, bone strength and fractures, and carcinogenicity. A list of
the specific recommendations from that report is provided in Box 1-1.

COMMITTEE’S TASK

The Safe Drinking Water Act requires that EPA periodically review ex-
isting standards for water contaminants. Because of that requirement and
new research on fluoride, EPA’s Office of Water requested that the NRC
reevaluate the adequacy of the MCLG and SMCL for fluoride to protect
public health. The NRC assigned this task to the standing Committee on
Toxicology, and convened the Committee on Fluoride in Drinking Water.
The committee was asked to review toxicologic, epidemiologic, and clinical
data, particularly data published since 1993, and exposure data on orally
ingested fluoride from drinking water and other sources (e.g., food, tooth-
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BOX 1-1
Recommendations from NRC (1993) Report

Intake, Metabolism, and Disposition of Fluoride

e Determine and compare intake of fluoride from all sources,
including fluoride-containing dental products, in communities with fluo-
ridated and nonfluoridated water. That information would improve our
understanding of trends in dental caries, enamel fluorosis, and possibly
other disorders or diseases.

e Determine the effects of factors that affect human acid-base
balance and urinary pH on the metabolic characteristics, balance, and
tissue concentrations of fluoride.

e Determine the metabolic characteristics of fluoride in infants,
young children, and the elderly.

e Determine prospectively the metabolic characteristics of fluoride
in patients with progressive renal disease.

e Using preparative and analytical methods now available, de-
termine soft-tissue fluoride concentrations and their relation to plasma
fluoride concentrations. Consider the relation of tissue concentrations to
variables of interest, including past fluoride exposure and age.

e Identify the compounds that compose the “organic fluoride pool”
in human plasma and determine their sources, metabolic characteristics,
fate, and biological importance.

Enamel Fluorosis

e Identify sources of fluoride during the critical stages of tooth
development in childhood and evaluate the contribution of each source
to enamel fluorosis.

e  Conduct studies on the relation between water fluoride concen-
trations and enamel fluorosis in various climatic zones.

e Determine the lowest concentration of fluoride in toothpaste that
produces acceptable cariostasis.

e Conduct studies on the contribution of ingested fluoride and
fluoride applied topically to teeth to prevent caries.

Bone Fracture

e Conduct a workshop to evaluate the advantages and disad-
vantages of the various doses, treatments, laboratory animal models,
weight-bearing versus non-weight-bearing bones, and testing methods
for bone strength that can be used to determine the effects of fluoride on
bone.

e Conduct additional studies of hip and other fractures in geo-

continued
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BOX 1-1
Continued

graphic areas with high and low fluoride concentration in drinking water
and make use of individual information about water consumption. These
studies also should collect individual information on bone fluoride con-
centrations and intake of fluoride from all sources, as well as reproductive
history, past and current hormonal status, intake of dietary and supple-
mental calcium and other cations, bone density, and other factors that
might influence the risk of hip fracture.

Carcinogenicity

e Conduct one or more highly focused, carefully designed analyti-
cal studies (case control or cohort) of the cancer sites that are most highly
suspect, based on data from animal studies and the few suggestions of a
carcinogenic effect reported in the epidemiologic literature. Such studies
should be designed to gather information on individual study subjects
so that adjustments can be made for the potential confounding effects
of other risk factors in analyses of individuals. Information on fluoride
exposure from sources other than water must be obtained, and estimates
of exposure from drinking water should be as accurate as possible. In
addition, analysis of fluoride in bone samples from patients and controls
would be valuable in inferring total lifetime exposures to fluoride. Among
the disease outcomes that warrant separate study are osteosarcomas
and cancers of the buccal cavity, kidney, and bones and joints.

paste, dental rinses). On the basis of those reviews, the committee was asked
to evaluate independently the scientific basis of EPA’s MCLG of 4 mg/L and
SMCL of 2 mg/L in drinking water and the adequacy of those guidelines to
protect children and others from adverse health effects. The committee was
asked to consider the relative contribution of various fluoride sources (e.g.,
food, dental-hygiene products) to total exposure. The committee also was
asked to identify data gaps and make recommendations for future research
relevant to setting the MCLG and SMCL for fluoride. Addressing questions
of economics, risk-benefit assessment, and water-treatment technology was
not part of the committee’s charge.

The committee is aware that some readers expect this report to make
a determination about whether public drinking-water supplies should be
fluoridated. That expectation goes beyond the committee’s charge. As noted
above, the MCLG and SMCL are guidelines for areas where fluoride con-
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centrations are naturally high. They are designed with the intent to protect
the public from adverse health effects related to fluoride exposure and not
as guidelines to provide health benefits.

COMMITTEE’S APPROACH

To accomplish its task, the committee held six meetings between Au-
gust 2003 and June 2005. The first two meetings involved data-gathering
sessions that were open to the public. The committee heard presentations
from EPA, CDC, individuals involved in fluoride research, fluoridation sup-
porters, and antifluoridation proponents. The committee also reviewed a
large body of written material on fluoride, primarily focusing on research
that was completed after publication of the 1993 NRC report. The avail-
able data included numerous research articles, literature reviews, position
papers, and unpublished data submitted by various sources, including the
public. Each paper and submission was evaluated case by case on its own
merits.

Unless otherwise noted, the term fluoride is used in this report to refer
to the inorganic, ionic form. Most of the nonepidemiologic studies reviewed
involved exposure to a specified fluoride compound, usually sodium fluo-
ride. Various units of measure are used to express exposure to fluoride
in terms of exposure concentrations and internal dose (see Table 1-1 and
Chapter 3). To the extent possible, the committee has tried to use units that
allow for easy comparisons.

In this report, the committee updates information on the issues consid-
ered in the 1993 review—namely, data on pharmacokinetics; dental effects;
skeletal effects; reproductive and developmental effects; neurological and
behavioral effects; endocrine effects; gastrointestinal, renal, hepatic, and
immune effects; genotoxicity; and carcinogenicity. More inclusive reviews
are provided on effects to the endocrine and central nervous systems, be-
cause the previous NRC review did not give those effects as much attention.
The committee used a general weight-of-evidence approach to evaluate
the literature, which involved assessing whether multiple lines of evidence

TABLE 1-1 Units Commonly Used for Measuring Fluoride

Medium Unit Equivalent
Water 1 ppm 1 mg/L
Plasma 1 pmol/L 0.019 mg/L
Bone ash 1 ppm 1 mg/kg

1% 10,000 mg/kg

ABBREVIATIONS: mg/kg, milligrams per kilogram; mg/L, milligrams per liter; pmol/L,
micromoles per liter; ppm, parts per million.

Copyright © National Academy of Sciences. All rights reserved.



Fluoride in Drinking Water: A Scientific Review of EPA's Standards
http://www.nap.edu/catalog/11571.html

22 FLUORIDE IN DRINKING WATER

indicate a human health risk. This included an evaluation of in vitro assays,
animal research, and human studies (conducted in the United States and
other countries). Positive and negative results were considered, as well as
mechanistic and nonmechanistic information. The collective evidence was
considered in perspective with exposures likely to occur from fluoride in
drinking water at the MCLG or SMCL.

In evaluating the effects of fluoride, consideration is given to the expo-
sure associated with the effects in terms of dose and time. Dose is a simple
variable (such as mg/kg/day), and time is a complex variable because it
involves not only the frequency and duration of exposure but also the
persistence of the agent in the system (kinetics) and the effect produced by
the agent (dynamics). Whether the key rate-limiting events responsible for
the adverse effect are occurring in the kinetic or in the dynamic pathway is
important in understanding the toxicity of a chemical and in directing future
research (see Rozman and Doull 2000). The committee also attempts to
characterize fluoride exposures from various sources to different subgroups
within the general population and to identify subpopulations that might be
particularly susceptible to the effects of fluoride.

STRUCTURE OF THE REPORT

The remainder of this report is organized into 10 chapters. Chapter 2
characterizes the general public’s exposure to fluoride from drinking water
and other sources. Chapter 3 provides a description of the chemistry of fluo-
ride and pharmacokinetic information that was considered in evaluating the
toxicity data on fluoride. In Chapters 4-9, the committee evaluates the sci-
entific literature on adverse effects of fluoride on teeth, the musculoskeletal
system, reproduction and development, the nervous system, the endocrine
system, the gastrointestinal system, the kidneys, the liver, and the immune
system. Chapter 10 evaluates the genotoxic and carcinogenic potential of
fluoride. Finally, Chapter 11 provides an assessment of the most significant
health risks from fluoride in drinking water and its implications for the
adequacy of EPA’s MCLG and SMCL for protecting the public.
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Measures of Exposure to Fluoride
in the United States

The major sources of internal exposure of individuals to fluorides are
the diet (food, water, beverages) and fluoride-containing dental products
(toothpaste, fluoride supplements). Internal exposure to fluorides also
can occur from inhalation (cigarette smoke, industrial emissions), dermal
absorption (from chemicals or pharmaceuticals), ingestion or parenteral
administration of fluoride-containing drugs, and ingestion of fluoride-con-
taining soil. Information on the pharmacokinetics of fluoride are provided
in Chapter 3.

The National Research Council’s (NRC’s) 1993 review of the health ef-
fects of ingested fluoride reported estimates of average daily fluoride intake
from the diet of 0.04-0.07 milligrams per kilogram (mg/kg) of body weight
for young children in an area with fluoridated water (fluoride concentration
in drinking water, 0.7-1.2 mg per liter [L]; NRC 1993). Dietary intake of
fluoride by adults in an area with fluoridated water was variously estimated
to be between 1.2 and 2.2 mg/day (0.02-0.03 mg/kg for a 70-kg adult).
The fluoride intake from toothpaste or mouth rinse by children with good
control of swallowing, assuming twice-a-day use, was estimated to equal
the intake from food, water, and beverages. The review acknowledged that
“substantially” higher intakes of fluoride from consumption of fluoridated
water would result for individuals such as outdoor laborers in warm cli-
mates or people with high-urine-output disorders, but these intakes were not
quantified. Similarly, children and others with poor control of swallowing
could have intakes of fluoride from dental products that exceed the dietary
intakes, but these intakes also were not quantified. Other factors cited as
affecting individual fluoride intakes include changes in the guidelines for
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fluoride supplementation and use of bottled water or home water purifi-
cation systems rather than fluoridated municipal water. The NRC (1993)
recommended further research to “determine and compare the intake of
fluoride from all sources, including fluoride-containing dental products, in
fluoridated and nonfluoridated communities.”

This chapter provides a review of the available information on fluoride
exposures in the United States, including sources of fluoride exposure, in-
takes from various fluoride sources, and factors that could affect individual
exposures to fluorides. Population subgroups with especially high exposures
are discussed. The major emphasis of this chapter is on chronic exposure
rather than acute exposure. The use of biomarkers as alternative approaches
to estimation of actual individual exposures is also discussed.

In practice, most fluorine added to drinking water is in the form of fluo-
silicic acid (fluorosilicic acid, H,SiF ) or the sodium salt (sodium fluosilicate,
Na,SiF,), collectively referred to as fluorosilicates (CDC 1993); for some
smaller water systems, fluoride is added as sodium fluoride (NaF). Fluoride
in toothpaste and other dental products is usually present as sodium fluo-
ride (NaF), stannous fluoride (SnF,), or disodium monofluorophosphate
(Na,PO,F). Fluorine-containing pesticides and pharmaceuticals also con-
tribute to total fluorine exposures and are considered separately. Fluoride
in food and drinking water usually is considered in terms of total fluorine
content, assumed to be present entirely as fluoride ion (F~). Information on
exposures to fluorosilicates and aluminofluorides is also included.

SOURCES OF FLUORIDE EXPOSURE

Drinking Water

General Population

The major dietary source of fluoride for most people in the United States
is fluoridated municipal (community) drinking water, including water con-
sumed directly, food and beverages prepared at home or in restaurants from
municipal drinking water, and commercial beverages and processed foods
originating from fluoridated municipalities. On a mean per capita basis,
community (public or municipal) water constitutes 75% of the total water
ingested in the United States; bottled water constitutes 13%, and other
sources (e.g., wells and cisterns) constitute 10% (EPA 2000a). Municipal
water sources that are not considered “fluoridated” could contain low
concentrations of naturally occurring fluoride, as could bottled water and
private wells, depending on the sources.

An estimated 162 million people in the United States (65.8% of the
population served by public water systems) received “optimally fluori-
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dated”! water in 2000 (CDC 2002a). This represents an increase from 144
million (62.1%) in 1992. The total number of people served by public water
systems in the United States is estimated to be 246 million; an estimated
35 million people obtain water from other sources such as private wells
(CDC 2002a,b). The U.S. Environmental Protection Agency (EPA) limits
the fluoride that can be present in public drinking-water supplies to 4 mg/L
(maximum contaminant level, or MCL) to protect against crippling skeletal
fluorosis, with a secondary maximum contaminant level (SMCL) of 2 mg/L
to protect against objectionable enamel fluorosis (40CFR 141.62(b)[2001],
40CFR 143.3[2001]).

Of the 144 million people with fluoridated public water supplies in
1992, approximately 10 million (7%) received naturally fluoridated water,
the rest had artificially fluoridated water (CDC 2002c). Of the population
with artificially fluoridated water in 1992, more than two-thirds had a water
fluoride concentration of 1.0 mg/L, with almost one-quarter having lower
concentrations and about 5% having concentrations up to 1.2 mg/L (CDC
1993; see Appendix B).

Of the approximately 10 million people with naturally fluoridated pub-
lic water supplies in 1992, approximately 67% had fluoride concentrations
<1.2 mg/L (CDC 1993; see Appendix B). Approximately 14% had fluoride
concentrations between 1.3 and 1.9 mg/L and another 14% had between 2.0
and 3.9 mg/L; 2% (just over 200,000 persons) had natural fluoride concen-
trations equal to or exceeding 4.0 mg/L.> Water supplies that exceeded 4.0
mg/L ranged as high as 11.2 mg/L in Colorado, 12.0 mg/L in Oklahoma,
13.0 mg/L in New Mexico, and 15.9 mg/L in Idaho (see Appendix B, Table
B-3).3 States with the largest populations receiving water supplies with
fluoride at > 4.0 mg/L included Virginia (18,726 persons, up to 6.3 mg/L),
Oklahoma (18,895 persons, up to 12.0 mg/L), Texas (36,863 persons, up to
8.8 mg/L), and South Carolina (105,618 persons, up to 5.9 mg/L).

Little information is available on the fluoride content of private water
sources, but the variability can reasonably be expected to be high and to

The term optimally fluoridated water means a fluoride level of 0.7-1.2 mg/L; water fluoride
levels are based on the average maximum daily air temperature of the area (see Appendix B).

2More recently (2000), CDC has estimated that 850,000 people are served by public water
supplies containing fluoride in excess of 2 mg/L; of these, 152,000 people receive water contain-
ing fluoride in excess of 4 mg/L (unpublished data from CDC as reported in EPA 2003a). Based
on analytical data from 16 states, EPA (2003a) estimates that 1.5-3.3 million people nationally
are served by public water supplies with fluoride concentrations exceeding 2 mg/L; of these
118,000-301,000 people receive water with fluoride concentrations greater than 4 mg/L.

3High-fluoride municipal waters are generally found in regions that have high fluoride
concentrations in the groundwater or in surface waters. ATSDR (2003) has reviewed fluoride
concentrations in environmental media, including groundwater and surface water. Fleischer
(1962) and Fleischer et al. (1974) reported fluoride concentrations in groundwater by county
for the coterminous United States.
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depend on the region of the country. Fluoride measured in well water in one
study in Iowa ranged from 0.06 to 7.22 mg/L (mean, 0.45 mg/L); home-fil-
tered well water contained 0.02-1.00 mg/L (mean, 0.32 mg/L; Van Winkle et
al. 1995). Hudak (1999) determined median fluoride concentrations for 237
of 254 Texas counties (values were not determined for counties with fewer
than five observations). Of the 237 counties, 84 have median groundwater
fluoride concentrations exceeding 1 mg/L; of these, 25 counties exceed 2
mg/L and five exceed 4 mg/L. Residents in these areas (or similar areas in
other states) who use groundwater from private wells are likely to exceed
current guidelines for fluoride intake.

Duperon et al. (1995) pointed out that fluoride concentrations reported
by local water suppliers can be substantially different from concentrations
measured in water samples obtained in homes. Use of home water filtration
or purification systems can reduce the fluoride concentration in community
water by 13% to 99%, depending on the type of system (Duperon et al.
1995; Van Winkle et al. 1995; Jobson et al. 2000). Distillation or reverse
osmosis can remove nearly all the fluoride. The extent of use of home wa-
ter filtration or purification systems nationally is not known but obviously
would affect the fluoride intake for people using such systems. Van Winkle et
al. (1995) reported that 11% of their study population (in Iowa) used some
type of home filtration either for well water or for public water.

Fluoride concentrations in bottled water* are regulated by law to a
maximum of 1.4-2.4 mg/L if no fluoride is added and a maximum of 0.8-1.7
mg/L if fluoride is added (the applicable value within the range depends on
the annual average of maximum daily air temperatures at the location of
retail sale; 21CFR 165.110[2003]). Maximum fluoride concentrations for
imported bottled water are 1.4 mg/L if no fluoride is added and 0.8 mg/L
if fluoride is added (21CFR 165.110[2003]). Fluoride concentrations are
required on labels in the United States only if fluoride is added. Fluoride con-
centrations listed on labels or in chemical analyses available on the Internet
for various brands range from 0 to 3.6 mg/L (Bartels et al. 2000; Johnson
and DeBiase 2003; Bottled Water Web 2004); of those without added fluo-
ride, most are below 0.6 mg/L. Most brands appear to list fluoride content
only if they are specifically advertising the fact that their water is fluori-
dated; fluoride concentrations of these brands range from 0.5 to 0.8 mg/L
(for “nursery” or “infant” water) up to 1.0 mg/L. Several reports indicate

“The term “bottled water” applies to water intended for human consumption, containing
no added ingredients besides fluoride or appropriate antimicrobial agents; the regulations ap-
ply to bottled water, drinking water, artesian water, artesian well water, groundwater, mineral
water, purified water, demineralized water, deionized water, distilled water, reverse osmosis
water, purified drinking water, demineralized drinking water, deionized drinking water, distilled
drinking water, reverse osmosis drinking water, sparkling water, spring water, and well water
(21CFR 165.110[{2003]).
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that fluoride concentrations obtained from the manufacturer or stated on
labels for bottled waters might not be accurate (Weinberger 1991; Toumba
et al. 1994; Bartels et al. 2000; Lalumandier and Ayers 2000; Johnson and
DeBiase 2003; Zohouri et al. 2003).

Measured fluoride concentrations in bottled water sold in the United
States have varied from 0 to 1.36 mg/L (Nowak and Nowak 1989; Chan et
al. 1990; Stannard et al. 1990; Van Winkle et al. 19935; Bartels et al. 2000;
Lalumandier and Ayers 2000; Johnson and DeBiase 2003). Van Winkle et
al. (1995) reported a mean of 0.18 mg/L for 78 commercial bottled waters
in lowa. Johnson and DeBiase (2003) more recently reported values ranging
from 0 to 1.2 mg/L for 65 bottled waters purchased in West Virginia, with
57 brands having values below 0.6 mg/L. Measured fluoride concentrations
in bottled waters in other countries have similar ranges: 0.05-4.8 mg/L in
Canada (Weinberger 1991), 0.10-0.80 mg/L in the United Kingdom (Toum-
ba et al. 1994), and 0.01-0.37 mg/L more recently in the United Kingdom
(Zohouri et al. 2003).° Bartels et al. (2000) found significant variation in
fluoride concentrations among samples of the same brand with different bot-
tling dates purchased in the same city. In general, distilled and purified (re-
verse 0smosis) waters contain very low concentrations of fluoride; drinking
water (often from a municipal tap) and spring water vary with their source,
as do mineral waters, which can be very low or very high in fluoride. Most
spring water sold in the United States probably has a low fluoride content
(<0.3 mg/L). Typical fluoride concentrations in various types of drinking
water in the United States are summarized in Table 2-1.

Average per capita ingestion of community or municipal water is es-
timated to be 927 mL/day (EPA 2000a; see Appendix B®). The estimated
90th percentile of the per capita ingestion of community water from that
survey is 2.016 L/day. Estimated intakes by those actually consuming com-
munity water (excluding people with zero ingestion of community water)
are higher, with a mean of 1.0 L/day and a 90th percentile of 2.069 L/day
(EPA 2000a). Thus, if national estimates of water intake (see Appendix B)

SThe European Commission has set a maximum limit of 5.0 mg/L for fluoride in natural
mineral waters, effective January 1, 2008 (EC 2003). In addition, natural mineral waters with
a fluoride concentration exceeding 1.5 mg/L must be labeled with the words “contains more
than 1.5 mg/L of fluoride: not suitable for regular consumption by infants and children under
7 years of age,” and for all natural mineral waters, the actual fluoride content is to be listed on
the label. England has essentially the same requirements (TSO 2004), applicable to all bottled
waters (natural mineral waters, spring water, and bottled drinking water).

¢As described more fully in Appendix B, the values from EPA (2000a) are from a short-
term survey of more than 15,000 individuals in the United States. Although these values are
considered reasonable indicators both of typical water consumption and of the likely range
of water consumption on a long-term basis, they should not be used by themselves to predict
the number of individuals or percentage of the population that consumes a given amount of
water on a long-term basis.
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TABLE 2-1 Typical Fluoride Concentrations of Major Types of Drinking
Water in the United States

Source Range, mg/L?
Municipal water (fluoridated) 0.7-1.2

Municipal water (naturally fluoridated) 0.7-4.0+

Municipal water (nonfluoridated) <0.7

Well water 0-7+

Bottled water from municipal source 0-1.2

Spring water 0-1.4 (usually <0.3)
Bottled “infant” or “nursery” water 0.5-0.8

Bottled water with added fluoride? 0.8-1.0

Distilled or purified water <0.15

aSee text for relevant references.
bOther than “infant” or “nursery” water.

are assumed to be valid for the part of the population with fluoridated wa-
ter supplies, the intake of fluoride for a person with average consumption
of community water (1 L/day) in a fluoridated area ranges from 0.7 to 1.2
mg/day, depending on the area. A person with consumption of community
water equivalent to the 90th percentile in that survey (2.069 L/day) would
have a fluoride intake between 1.4 and 2.5 mg/day, from community water
alone. Table 2-2 provides examples of fluoride intake by typical and high
consumers of municipal water by age group.

The estimates of water consumption described in Appendix B are in
keeping with recently published “adequate intake” values for total water
consumption (including drinking water, all beverages, and moisture in food;
IOM 2004; see Appendix B, Table B-10). Note that these estimates are
national values; the range of values for optimal fluoridation was intended
to account for expected regional differences in water consumption due to
regional temperature differences (see Appendix B). A separate study based
on the same data used by EPA (2000a) found no strong or consistent as-
sociation between water intake and month or season (Heller et al. 1999).
Another recent study of American children aged 1-10 years also found no
significant relationship between water consumption and mean temperature
in modern conditions (perhaps due to artificial temperature regulation) and
suggested that the temperature-related guidelines for fluoride concentrations
in drinking water be reevaluated (Sohn et al. 2001).

Actual intakes of fluoride from drinking water by individuals depend
on their individual water intakes, the source or sources of that water, and
the use of home water purification or filtration systems. As described earlier,
fluoride concentrations in community water might vary from their reported
concentrations; fluoride content of bottled water also varies considerably
with brand or source, with packaging date for a given brand, and from
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information (if any) given on the labels or provided by the manufacturer.
Private water sources (e.g., wells and cisterns) probably are even more vari-
able in fluoride content, with some regions of the country being especially
high and others very low. A number of authors have pointed out the dif-
ficulty doctors and dentists face in ascertaining individual fluoride intakes,
just from drinking water (from all sources), for the purpose of prescribing
appropriate fluoride supplementation (Nowak and Nowak 1989; Chan et
al. 1990; Stannard et al. 1990; Levy and Shavlick 1991; Weinberger 1991;
Dillenberg et al. 1992; Jones and Berg 1992; Levy and Muchow 1992;
Toumba et al. 1994; Duperon et al. 1995; Van Winkle et al. 1995; Heller
et al. 1999; Bartels et al. 2000; Lalumandier and Ayers 2000; Johnson and
DeBiase 2003; Zohouri et al. 2003).

High Intake Population Subgroups

EPA, in its report to Congress on sensitive subpopulations (EPA 2000b),
defines sensitive subpopulations in terms of either their response (more
severe response or a response to a lower dose) or their exposure (greater
exposure than the general population). Hence, it is appropriate to consider
those population subgroups whose water intake is likely to be substantially
above the national average for the corresponding sex and age group. These
subgroups include people with high activity levels (e.g., athletes, workers
with physically demanding duties, military personnel); people living in
very hot or dry climates, especially outdoor workers; pregnant or lactating
women; and people with health conditions that affect water intake. Such
health conditions include diabetes mellitus, especially if untreated or poorly
controlled; disorders of water and sodium metabolism, such as diabetes in-
sipidus; renal problems resulting in reduced clearance of fluoride; and short-
term conditions requiring rapid rehydration, such as gastrointestinal upsets
or food poisoning (EPA 2000a). (While the population sample described in
Appendix B [Water Ingestion and Fluoride Intakes] included some of these
individuals, the study did not attempt to estimate means or distributions of
intake for these specific subgroups.)

As shown in Appendix B (Tables B-4 to B-9), some members of the U.S.
population could have intakes from community water sources of as much as
4.5-5 L/day (as high as 80 mL/kg/day for adults). Some infants have intakes
of community water exceeding 200 mL/kg/day. Heller et al. (1999), using
the same data set as EPA (2000a), reported that 21 of 14,640 people (of all
ages) had water intakes over 6 standard deviations from the mean (greater
than 249 ml/kg/day). Whyte et al. (2005) describe an adult woman who
consistently consumed 1-2 gallons (3.8-7.6 L) of fluid per day (instant tea
made with well water); no specific reason for her high fluid consumption
is given.
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Fluid requirements of athletes, workers, and military personnel depend
on the nature and intensity of the activity, the duration of the activity, and
the ambient temperature and humidity. Total sweat losses for athletes in
various sports can range from 200 to 300 mL/hour to 2,000 mL/hour or
more (Convertino et al. 1996; Horswill 1998; Cox et al. 2002; Coyle 2004).
Most recommendations on fluid consumption for athletes are concerned
with matching fluid replacement to fluid losses during the training session
or competition to minimize the detrimental effects of dehydration on athletic
performance (Convertino et al. 1996; Horswill 1998; Coris et al. 2004;
Coyle 2004). Depending on the nature of the sport or training session, the
ease of providing fluid, and the comfort of the athlete with respect to con-
tent of the gastrointestinal tract, fluid intake during exercise is often only a
fraction (e.g., one-half) of the volume lost, and losses of 2% of body weight
or more might occur during an exercise session in spite of fluid consump-
tion during the session (Convertino et al. 1996; Cox et al. 2002; Coris et
al. 2004; Coyle 2004).

Total daily fluid consumption by athletes generally is not reported; for
many athletes, it is probably on the order of 5% of body weight (50 mL/
kg/day) or more to compensate for urinary and respiratory losses as well
as sweat losses. For example, Crossman (2003) described a professionally
prepared diet plan for a major league baseball player that includes 26 cups
(6.2 L) of water or sports drink on a workout day and 19 cups (4.5 L) on an
off-day; this is in addition to 9-11 cups (2.1-2.6 L) of milk, fruit juice, and
sports drink with meals and scheduled snacks (total fluid intake of 6.8-8.8
L/day, or 52-67 mL/kg/day for a 132-kg player”). While some players and
teams probably use bottled or distilled water, most (especially at the amateur
and interscholastic levels) probably use local tap water; also, sports drinks
might be prepared (commercially or by individuals) with tap water.

The U.S. Army’s policy on fluid replacement for warm-weather training
calls for 0.5-1 quart/hour (0.47-0.95 L/hour), depending on the tempera-
ture, humidity, and type of work (Kolka et al. 2003; USASMA 2003). In
addition, fluid intake is not to exceed 1.5 quarts/hour (1.4 liter/hour) or
12 quarts/day (11.4 L/day). The Army’s planning factor for individual tap
water consumption ranges from 1.5 gallons/day (5.7 L/day) for temperate
conditions to 3.0 gallons/day (11.4 L/day) for hot conditions (U.S. Army
1983). Hourly intake can range from 0.21 to 0.65 L depending on the tem-
perature (McNall and Schlegel 1968), and daily intake among physically
active individuals can range from 6 to 11 L (U.S. Army 1983, cited by EPA
1997). Nonmilitary outdoor workers in hot or dry climates probably would
have similar needs.

"The player’s weight was obtained from the 2003 roster of the Cleveland Indians baseball
team (http://cleveland.indians.mlb.com).
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Water intakes for pregnant and lactating women are listed separately
in Appendix B (Tables B-4 to B-9). Total water intake for pregnant women
does not differ greatly from that for all adult females (Table B-9), while total
water consumption by lactating women is generally higher. For the highest
consumers among lactating women, consumption rates approximate those
for athletes and workers (50-70 mL/kg/day).

Diabetes mellitus and diabetes insipidus are both characterized by high
water intakes and urine volumes, among other things (Beers and Berkow
1999; Eisenbarth et al. 2002; Robinson and Verbalis 2002; Belchetz and
Hammond 2003). People with untreated or poorly controlled diabetes
mellitus would be expected to have substantially higher fluid intakes than
nondiabetic members of the population. The American Diabetes Associa-
tion (2004) estimates that 18.2 million people in the United States (6.3% of
the population) have diabetes mellitus and that 5.2 million of these are not
aware they have the disease. Other estimates range from 16 to 20 million
people in the United States, with up to 50% undiagnosed (Brownlee et al.
2002; Buse et al. 2002).

Diabetes insipidus, or polyuria, is defined as passage of large volumes
of urine, in excess of about 2 L/m?/day (approximately 150 mL/kg/day at
birth, 110 mL/kg/day at 2 years, and 40 mL/kg/day in older children and
adults) (Baylis and Cheetham 1998; Cheetham and Baylis 2002). Diabetes
insipidus includes several types of disease distinguished by cause, including
both familial and acquired disorders (Baylis and Cheetham 1998; Cheetham
and Baylis 2002; Robinson and Verbalis 2002). Water is considered a thera-
peutic agent for diabetes insipidus (Beers and Berkow 1999; Robinson and
Verbalis 2002); in addition, some kinds of diabetes insipidus can be treated
by addressing an underlying cause or by administering vasopressin (antidi-
uretic hormone) or other agents to reduce polyuria to a tolerable level. The
Diabetes Insipidus Foundation (2004) estimates the number of diabetes
insipidus patients in the United States at between 40,000 and 80,000.

Someone initially presenting with central or vasopressin-sensitive diabe-
tes insipidus might ingest “enormous” quantities of fluid and may produce
3-30 L of very dilute urine per day (Beers and Berkow 1999) or up to 400
ml/kg/day (Baylis and Cheetham 1998). Most patients with central diabetes
insipidus have urine volumes of 6-12 L/day (Robinson and Verbalis 2002).
Patients with primary polydipsia might ingest and excrete up to 6 L of
fluid per day (Beers and Berkow 1999). Pivonello et al. (1998) listed water
intakes of 5.5-8.6 L/day for six adults with diabetes insipidus who did not
take vasopressin and 1.4-2.5 L/day for 12 adults who used a vasopressin
analogue. An estimated 20% to 40% of patients on lithium therapy have a
urine volume > 2.5 L/day, and up to 12% have frank nephrogenic diabetes
insipidus characterized by a urine volume > 3 L/day (Mukhopadhyay et al.
2001).
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Five papers described enamel fluorosis in association with diabetes in-
sipidus or polydipsia (Table 2-3). Two of the papers described cases of enam-
el fluorosis in the United States resulting from fluoride concentrations of 1,
1.7, or 2.6 mg/L in drinking water (Juncos and Donadio 1972; Greenberg
et al. 1974). The two individuals drinking water with fluoride at 1.7 and
2.6 mg/L also had roentgenographic bone changes consistent with “systemic
fluorosis”® (Juncos and Donadio 1972). These patients and four other renal
patients in the U.S. “in whom fluoride may have been the cause of detect-
able clinical and roentgenographic effects” were also reported by Johnson
et al. (1979); most of the patients had urine volumes exceeding 3 L/day and
drinking water with fluoride concentrations around 1.7-3 mg/L.

Moderate and severe enamel fluorosis have been reported in diabetes
insipidus patients in other countries with drinking water containing fluoride
at 0.5 mg/L (Klein 1975) or 1 mg/L (Seow and Thomsett 1994), and severe
enamel fluorosis with skeletal fluorosis has been reported with fluoride at
3.4 mg/L (Mehta et al. 1998). Greenberg et al. (1974) recommended that
children with any disorder that gives rise to polydipsia and polyuria® be
supplied a portion of their water from a nonfluoridated source.

Table 2-4 provides examples of fluoride intake by members of several
population subgroups characterized by above-average water consumption
(athletes and workers, patients with diabetes mellitus or diabetes insipidus).
It should be recognized that, for some groups of people with high water
intakes (e.g., those with a disease condition or those playing indoor sports
such as basketball or hockey), there probably will be little correlation of
water intake with outdoor temperature—such individuals in northern states
would consume approximately the same amounts of water as their counter-
parts in southern states. However, fluoridation still varies from state to state
(Appendix B), so that some individuals could consume up to 1.7 times as
much as others for the same water intake (1.2 versus 0.7 mg/L).

Background Food

Measured fluoride in samples of human breast milk is very low.
Dabeka et al. (1986) found detectable concentrations in only 92 of 210
samples (44%) obtained in Canada, with fluoride ranging from <0.004 to
0.097 mg/L. The mean concentration in milk from mothers in fluoridated

8These two individuals also had impaired renal function, which could have increased their
retention of fluoride (see Chapter 3).

9Greenberg et al. (1974) listed “central diabetes insipidus, psychogenic water ingestion,
renal medullary disease, including hypercalemic nephropathy, hypokalemic nephropathy and
anatomic and vascular disturbances and those diseases causing solute diuresis” as disorders
associated with “excessive” consumption of water and therefore the possibility of “fluoride
toxicity in a community with acceptable fluoride concentration.”
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communities (1 mg/L in the water) was 0.0098 mg/L; in nonfluoridated
communities, the mean was 0.0044 mg/L). Fluoride concentrations were
correlated with the presence of fluoride in the mother’s drinking water.
Spak et al. (1983) reported mean fluoride concentrations in colostrum of
0.0053 mg/L (0.28 pM/L) in an area in Sweden with fluoride at 0.2 mg/L
in drinking water and 0.0068 mg/L (0.36 pnM/L) in an area with fluoride at
1.0 mg/L in the drinking water; in the fluoridated area, the mean fluoride
concentration in mature milk was 0.007 mg/L (0.37 pM/L). No statistically
significant difference in milk fluoride concentration between the two areas
was found.

Hossny et al. (2003) reported fluoride concentrations in breast milk of
60 mothers in Cairo, Egypt, ranging from 0.002 to 0.01 mg/L [0.1-0.6 ptM/L;
median, 0.0032 mg/L (0.17 pM/L); mean, 0.0046 mg/L (0.24 nM/L)]. Cairo
is considered nonfluoridated, with a reported water fluoride concentration
of 0.3 mg/L (Hossny et al. 2003). Opinya et al. (1991) found higher fluoride
concentrations in mothers’ milk (mean, 0.033 mg/L; range, 0.011-0.073
mg/L), but her study population was made up of mothers in Kenya with an
average daily fluoride intake of 22.1 mg. However, even at very high fluo-
ride intakes by mothers, breast milk still contains very low concentrations
of fluoride compared with other dietary fluoride sources. No significant
correlation was established between the fluoride in milk and the intake of
fluoride in the Kenyan study (Opinya et al. 1991).

Cows’ milk likewise contains very low fluoride concentrations, com-
pared with other dietary sources such as drinking water. Dairy milk samples
measured in Houston contained fluoride at 0.007 to 0.068 mg/L (average,
0.03 mg/L) (Liu et al. 1995). Milk samples in 11 Canadian cities contained
0.007-0.086 mg/L (average, 0.041 mg/L) (Dabeka and McKenzie 1987). A
sample of soy milk contained much more fluoride than a sample of dairy
milk, with a measured concentration of 0.491 mg/L (Liu et al. 1995).

Infant formulas vary in fluoride content, depending on the type of
formula and the water with which it is prepared. Dabeka and McKenzie
(1987) reported mean fluoride concentrations in ready-to-use formulas of
0.23 mg/L for formulas manufactured in the United States and 0.90 mg/L
for formulas manufactured in Canada. Van Winkle et al. (1995) analyzed
64 infant formulas, 47 milk-based and 17 soy-based. For milk-based for-
mulas, mean fluoride concentrations were 0.17 mg/L for ready-to-feed, 0.12
mg/L for liquid concentrates reconstituted with distilled water, and 0.14
mg/L for powdered concentrates reconstituted with distilled water. Mean
fluoride concentrations for soy-based formulas were 0.30, 0.24, and 0.24
mg/L for ready-to-feed, liquid concentrates, and powdered concentrates,
respectively (the latter two were reconstituted with distilled water). Obvi-
ously, the fluoride concentration in home-prepared formula depends on
the fluoride concentrations in both the formula concentrate and the home
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drinking water. Fomon et al. (2000) have recommended using low-fluoride
water to dilute infant formulas.

Heilman et al. (1997) found 0.01 to 8.38 pg of fluoride per g of prepared
infant foods. The highest concentrations were found in chicken (1.05-8.38
pg/g); other meats varied from 0.01 pg/g (veal) to 0.66 pg/g (turkey). Other
foods—fruits, desserts, vegetables, mixed foods, and cereals—ranged from
0.01 to 0.63 pg/g. The fluoride concentrations in most foods are attributable
primarily to the water used in processing (Heilman et al. 1997); fluoride
in chicken is due to processing methods (mechanical deboning) that leave
skin and residual bone particles in the meat (Heilman et al. 1997; Fein and
Cerklewski 2001). An infant consuming 2 oz (about 60 g) of chicken daily
at 8 pg of fluoride per g would have an intake of about 0.48 mg (Heilman
et al. 1997).

Tea can contain considerable amounts of fluoride, depending on the
type of tea and its source. Tea plants take up fluoride from soil along with
aluminum (Shu et al. 2003; Wong et al. 2003). Leaf tea, including black tea
and green tea, is made from the buds and young leaves of the tea plant, the
black tea with a fermentation process, and the green tea without. Oolong
tea is intermediate between black and green tea. Brick tea, considered a
low-quality tea, is made from old (mature) leaves and sometimes branches
and fruits of the tea plant (Shu et al. 2003; Wong et al. 2003). Fluoride
accumulates mostly in the leaves of the tea plant, especially the mature or
fallen leaves. Measured fluoride concentrations in tea leaves range from 170
to 878 mg/kg in different types of tea, with brick tea generally having 2-4
times as much fluoride as leaf tea (Wong et al. 2003). Commercial tea brands
in Sichuan Province of China ranged from 49 to 105 mg/kg dry weight for
green teas and 590 to 708 mg/kg dry weight for brick teas (Shu et al. 2003).
Infusions of Chinese leaf tea (15 kinds) made with distilled water have been
shown to have fluoride at 0.6-1.9 mg/L (Wong et al. 2003). Brick teas, which
are not common in the United States, contain 4.8-7.3 mg/L; consumption
of brick teas has been associated with fluorosis in some countries (Wong
et al. 2003).

Chan and Koh (1996) measured fluoride contents of 0.34-3.71 mg/L
(mean, 1.50 mg/L) in caffeinated tea infusions (made with distilled, deion-
ized water), 1.01-5.20 mg/L (mean, 3.19 mg/L) in decaffeinated tea infu-
sions, and 0.02-0.15 mg/L (mean, 0.05 mg/L) in herbal tea infusions, based
on 44 brands of tea available in the United States (Houston area). Whyte et
al. (20035) reported fluoride concentrations of 1.0-6.5 mg/L in commercial
teas (caffeinated and decaffeinated) obtained in St. Louis (prepared with
distilled water according to label directions). Warren et al. (1996) found
fluoride contents of 0.10-0.58 mg/L in various kinds and brands of coffee
sold in the United States (Houston area), with a slightly lower mean for
decaffeinated (0.14 mg/L) than for caffeinated (0.17 mg/L) coffee. Instant
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coffee had a mean fluoride content of 0.30 mg/L (all coffees tested were pre-
pared with deionized distilled water). Fluoride concentrations of 0.03 mg/L
(fruit tea) to 3.35 mg/L (black tea) were reported for iced-tea products sold
in Germany primarily by international companies (Behrendt et al. 2002).

In practice, fluoride content in tea or coffee as consumed will be higher
if the beverage is made with fluoridated water; however, for the present
purposes, the contribution from water for beverages prepared at home is
included in the estimated intakes from drinking water, discussed earlier.
Those estimates did not include commercially available beverages such as
fruit juices (not including water used to reconstitute frozen juices), juice-
flavored drinks, iced-tea beverages, carbonated soft drinks, and alcoholic
beverages. Kiritsy et al. (1996) reported fluoride concentrations in juices and
juice-flavored drinks of 0.02-2.8 mg/L (mean, 0.56 mg/L) for 532 different
drinks (including five teas) purchased in Iowa City (although many drinks
represented national or international distribution); frozen-concentrated
beverages were reconstituted with distilled water before analysis. White
grape juices had the highest mean fluoride concentration (1.45 mg/L); upper
limits on most kinds of juices exceeded 1.50 mg/L. Stannard et al. (1991)
previously reported fluoride concentrations from 0.15 to 6.80 mg/L in a
variety of juices originating from a number of locations in the United States.
The variability in fluoride concentrations is due primarily to variability in
fluoride concentrations in the water used in manufacturing the product
(Kiritsy et al. 1996). The high fluoride content of grape juices (and grapes,
raisins, and wines), even when little or no manufacturing water is involved,
is thought to be due to a pesticide (cryolite) used in grape growing (Stannard
et al. 1991; Kiritsy et al. 1996; Burgstahler and Robinson 1997).

Heilman et al. (1999) found fluoride concentrations from 0.02 to 1.28
mg/L (mean, 0.72 mg/L) in 332 carbonated beverages from 17 production
sites, all purchased in Towa. In general, these concentrations reflect that of
the water used in manufacturing. Estimated mean intakes from the analyzed
beverages were 0.36 mg/day for 2- to 3-year-old children and 0.60 mg/day
for 7- to 10-year-olds (Heilman et al. 1999). Pang et al. (1992) estimated
mean daily fluoride intakes from beverages (excluding milk and water) for
children of 0.36, 0.54, and 0.60 mg, for ages 2-3, 4-6, and 7-10, respec-
tively; daily total fluid intake ranged from 970 to 1,240 mL, and daily
beverage consumption ranged from 585 to 756 mL.

Burgstahler and Robinson (1997) reported fluoride contents of 0.23-
2.80 mg/L in California wines, with 7 of 19 samples testing above 1 mg/L;
the fluoride in wine and in California grapes (0.83-5.20 mg/kg; mean, 2.71
mg/kg) was attributed to the use of cryolite (Na;AlF ) as a pesticide in the
vineyards. Martinez et al. (1998) reported fluoride concentrations from 0.03
to 0.68 mg/L in wines from the Canary Islands; most fluoride concentrations
in the wines were in the range of 0.10-0.35 mg/L. A maximum legal thresh-
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old of 1 mg/L for the fluoride concentration in wine has been established by
the Office International de la Vigne et du Vin (OIV 1990; cited by Martinez
et al. 1998). Warnakulasuriya et al. (2002) reported mean fluoride concen-
trations of 0.08-0.71 mg/L in beers available in Great Britain; one Irish beer
contained fluoride at 1.12 mg/L. Examples of fluoride intakes that could be
expected in heavy drinkers (8-12 drinks per day) are given in Table 2-5.

R.D. Jackson et al. (2002) reported mean fluoride contents from 0.12
pg/g (fruits) to 0.49 pg/g (grain products) in a variety of noncooked, nonre-
constituted foods (excluding foods prepared with water). Fluoride contents
in commercial beverages (excluding reconstituted and fountain beverages)
averaged 0.55 pg/g; those in milk and milk products averaged 0.31 pg/g.
In the same study, fluoride contents in water, reconstituted beverages, and
cooked vegetables and grain products (cereals, pastas, soups) differed sig-
nificantly between two towns in Indiana, one with a water fluoride content
of 0.2 mg/L and one with an optimally fluoridated water supply (1.0 mg/L).
Bottled fruit drinks, water, and carbonated beverages purchased in the two
towns did not differ significantly. The mean daily fluoride ingestion for
children 3-5 years old from food and beverages (including those prepared
with community water) was estimated to be 0.454 mg in the low-fluoride
town and 0.536 mg in the fluoridated town.

Dabeka and McKenzie (1995) reported mean fluoride contents in vari-
ous food categories in Winnipeg, ranging up to 2.1 pg/g for fish, 0.61 pg/g
for soup, and 1.15 pg/g for beverages; the highest single items were cooked
veal (1.2 pg/g), canned fish (4.6 pg/g), shellfish (3.4 pg/g), cooked wheat
cereal (1.0 pg/g), and tea (5.0 pg/g). Estimated dietary intakes (including
fluoridated tap water) varied from 0.35 mg/day for children aged 1-4 to 3.0
mg/day for 40- to 64-year-old males. Over all ages and both sexes, the esti-

TABLE 2-5 Examples of Fluoride Intakes by Heavy Drinkers from
Alcoholic Beverages Alone

Fluoride Intake, mg/day

Fluoride
Beverage Concentration, mg/L. 8 drinks per day 12 drinks per day
Beer (12-0z. cans or bottles) 0.5 1.4 2.1
1.0 2.8 4.3
Wine (5-oz. glasses) 0.3 0.35 0.53
1.0 1.2 1.8
Mixed drinks (1.5 oz. liquor  0.7¢ 1.1 1.6
+ 6.5 oz. mixer and ice) 1.04 1.5 2.3

9In carbonated soda and ice.
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mated average dietary intake of fluoride was 1.76 mg/day; the food category
contributing most to the estimated intake was beverages (80%).

Rojas-Sanchez et al. (1999) estimated fluoride intakes for children (aged
16-40 months) in three communities in Indiana, including a low-fluoride
community, a “halo” community (not fluoridated, but in the distribution
area of a fluoridated community), and a fluoridated community. For fluoride
in food, the mean intakes were 0.116-0.146 mg/day, with no significant dif-
ference between communities. Intake from beverages was estimated to be
0.103, 0.257, and 0.396 mg/day for the low-, halo, and high-fluoride com-
munities; differences between the towns were statistically significant.

Apart from drinking water (direct and indirect consumption, as de-
scribed earlier), the most important foods in terms of potential contribution
to individual fluoride exposures are infant formula, commercial beverages
such as juice and soft drinks, grapes and grape products, teas, and processed
chicken (Table 2-6). Grapes and grape products, teas, and processed chicken
can be high in fluoride apart from any contribution from preparation or
process water. Commercial beverages and infant formulas, however, greatly
depend on the fluoride content of the water used in their preparation or
manufacture (apart from water used in their in-home preparation); due to
widespread distribution, such items could have similar fluoride concentra-
tions in most communities, on average.

TABLE 2-6 Summary of Typical Fluoride Concentrations of Selected
Food and Beverages in the United States

Source Range, mg/L Range, mg/kg
Human breast milk

Fluoridated area (1 mg/L) 0.007-0.01 —
Nonfluoridated area 0.004 —
Cow’s milk <0.07 —

Soy milk 0.5 —
Milk-based infant formula® <0.2 —
Soy-based infant formula® 0.2-0.3 —
Infant food—chicken — 1-8
Infant food—other — 0.01-0.7
Tea? 0.3-5 —
Herbal tea? 0.02-0.15 —
Coffee? 0.1-0.6 —
Grape juice? <3 —
Other juices and juice drinks? <1.5 —
Grapes — 0.8-5
Carbonated beverages 0.02-1.3 —

Wine 0.2-3 —

Beer 0.08-1 —

“Not including contribution from local tap water.
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Because of the wide variability in fluoride content in items such as tea,
commercial beverages and juices, infant formula, and processed chicken,
and the possibility of a substantial contribution to an individual’s total fluo-
ride intake, a number of authors have suggested that such fluoride sources be
considered in evaluating an individual’s need for fluoride supplementation
(Clovis and Hargreaves 1988; Stannard et al. 1991; Chan and Koh 1996;
Kiritsy et al. 1996; Warren et al. 1996; Heilman et al. 1997, 1999; Levy and
Guha-Chowdhury 1999), especially for individuals who regularly consume
large amounts of a single product (Stannard et al. 1991; Kiritsy et al. 1996).
Several authors also point out the difficulty in evaluating individual fluoride
intake, given the wide variability of fluoride content among similar items
(depending on point of origin, etc.), the wide distribution of many prod-
ucts, and the lack of label or package information about fluoride content
for most products (Stannard et al. 1991; Chan and Koh 1996; Behrendt et
al. 2002).

Dental Products and Supplements

Fluoridated dental products include dentifrices (toothpastes, powders,
liquids, and other preparations for cleaning teeth) for home use and various
gels and other topical applications for use in dental offices. More than 90%
of children ages 2-16 years surveyed in 1983 or 1986 used fluoride tooth-
paste (Wagener et al. 1992). Of these children, as many as 15% to 20% in
some age groups also used fluoride supplements or mouth rinses (Wagener et
al. 1992). Using the same 1986 survey data, Nourjah et al. (1994) reported
that most children younger than 2 years of age used fluoride dentifrices.

Most toothpaste sold in the United States contains fluoride (Newbrun
1992), usually 1,000-1,100 parts per million (ppm) (0.1-0.11%).'% The
amount of fluoride actually swallowed by an individual depends on the
amount of toothpaste used, the swallowing control of the person (especially
for young children), and the frequency of toothpaste use. Ophaug et al.
(1980, 1985) estimated the intake of fluoride by small children (2-4 years)
to be 0.125-0.3 mg per brushing; a 2-year-old child brushing twice daily
would ingest nearly as much fluoride from the toothpaste as from food
and fluoridated drinking water combined (Ophaug et al. 1985). Levy and
Zarei-M (1991) reported estimates of 0.12-0.38 mg of fluoride ingested
per brushing. Burt (1992) and Newbrun (1992) reported estimates of 0.27

0Equivalent to 1-1.1 mg fluoride ion per gram of toothpaste. This may be expressed in
various ways on the package, e.g., as 0.24% or 0.243% sodium fluoride (NaF), 0.76% or
0.8% monofluorophosphate (Na,PO,F), or 0.15% w/v fluoride (1.5 mg fluoride ion per cubic
centimeter of toothpaste).
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mg/day for a preschool child brushing twice daily with standard-strength
(1,000 ppm) toothpaste.

Levy (1993, 1994) and Levy et al. (1995a) reviewed a number of stud-
ies of the amount of toothpaste people of various ages ingest. Amounts of
toothpaste used per brushing range from 0.2 to 5 g, with means around
0.4-2 g, depending on the age of the person. The estimated mean percent-
age of toothpaste ingested ranges from 3% in adults to 65% in 2-year-
olds. Children who did not rinse after toothbrushing ingested 75% more
toothpaste than those who rinsed. Perhaps 20% of children have fluoride
intakes from toothpaste several times greater than the mean values, and
some children probably get more than the recommended amount of fluoride
from toothpaste alone, apart from food and beverages (Levy 1993, 1994).
Mean intakes of toothpaste by adults were measured at 0.04 g per brushing
(0.04 mg of fluoride per brushing for toothpaste with 0.1% fluoride), with
the 90th percentile at 0.12 g of toothpaste (0.12 mg of fluoride) per brush-
ing (Barnhart et al. 1974).

Lewis and Limeback (1996) estimated the daily intake of fluoride from
dentifrice (products for home use) to be 0.02-0.06, 0.008-0.02, 0.0025,
and 0.001 mg/kg, for ages 7 months to 4 years, 5-11 years, 12-19 years,
and 20+ years, respectively. Rojas-Sanchez et al. (1999) estimated fluoride
intake from dentifrice at between 0.42 and 0.58 mg/day in children aged
16-40 months in three communities in Indiana. Children tend to use more
toothpaste when provided special “children’s” toothpaste than when given
adult toothpaste (Levy et al. 1992; Adair et al. 1997), and many children do
not rinse or spit after brushing (Naccache et al. 1992; Adair et al. 1997).

Estimates of typical fluoride ingestion from toothpaste are given by age
group in Table 2-7; these estimates are for typical rather than high or upper-
bound intakes, and many individuals could have substantially higher intakes.
A number of papers have suggested approaches to decreasing children’s in-
take of fluoride from toothpaste, including decreasing the fluoride content in

TABLE 2-7 Estimated Typical Fluoride Intakes from Toothpaste?
Age Group, years  Fluoride Intake, mg/day ~ Age Group, years  Fluoride Intake, mg/day

Infants < 0.5% 0 Youth 13-19 0.2
Infants 0.5-1 0.1 Adults 20-49 0.1
Children 1-2 0.15 Adults 50+ 0.1
Children 3-5 0.25 Females 13-49¢ 0.1
Children 6-12 0.3

9Based on information reviewed by Levy et al. (1995a). Estimates assume two brushings
per day with fluoride toothpaste (0.1% fluoride) and moderate rinsing.

bAssumes no brushing before 6 months of age.

“Women of childbearing age.
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children’s toothpaste, discouraging the use of fluoride toothpaste by children
less than 2 years old, avoiding flavored children’s toothpastes, encourag-
ing the use of very small amounts of toothpaste, encouraging rinsing and
expectorating (rather than swallowing) after brushing, and recommending
careful parental supervision (e.g., Szpunar and Burt 1990; Levy and Zarei-M
1991; Simard et al. 1991; Burt 1992; Levy et al. 1992, 1993, 1997, 2000;
Naccache et al. 1992; Newbrun 1992; Levy 1993, 1994; Bentley et al. 1999;
Rojas-Sanchez et al. 1999; Warren and Levy 1999; Fomon et al. 2000).

Topical applications of fluoride in a professional setting can lead to
ingestion of 1.3-31.2 mg (Levy and Zarei-M 1991). Substantial ingestion
of fluoride also has been demonstrated from the use of fluoride mouth rinse
and self-applied topical fluoride gel (Levy and Zarei-M 1991). Heath et al.
(2001) reported that 0.3-6.1 mg of fluoride (5-29% of total applied) was in-
gested by young adults who used gels containing 0.62-62.5 mg of fluoride.

Levy et al. (2003a) found that two-thirds of children had at least one
fluoride treatment by age 6 and that children with dental caries were more
likely to have had such a treatment. Their explanation is that professional
application of topical fluoride is used mostly for children with moderate
to high risk for caries. In contrast, Eklund et al. (2000), in a survey of in-
surance claims for more than 15,000 Michigan children treated by 1,556
different dentists, found no association between the frequency of use of
topical fluoride (professionally applied) and restorative care. Although these
were largely low-risk children, for whom routine use of professionally ap-
plied fluoride is not recommended, two-thirds received topical fluoride at
nearly every office visit. The authors recommended that the effectiveness of
professionally applied topical fluoride products in modern clinical practice
be evaluated.

Exposures from topical fluorides during professional treatment are un-
likely to be significant contributors to chronic fluoride exposures because
they are used only a few times per year. However, they could be important
with respect to short-term or peak exposures.

Heath et al. (2001) found that retention of fluoride ion in saliva after
the use of dentifrice (toothpaste, mouthrinse, or gel) was proportional to the
quantity used, at least for young adults. They were concerned with maximiz-
ing the retention in saliva to maximize the topical benefit of the fluoride.
Sjogren and Melin (2001) were also concerned about enhancing the reten-
tion of fluoride in saliva and recommend minimal rinsing after toothbrush-
ing. However, fluoride in saliva eventually will be ingested, so enhancing the
retention of fluoride in saliva after dentifrice use also enhances the ingestion
of fluoride from the dentifrice.

Fluoride supplements (NaF tablets, drops, lozenges, and rinses) are in-
tended for prescriptions for children in low-fluoride areas; dosages generally
range from 0.25 to 1.0 mg of fluoride/day (Levy 1994; Warren and Levy
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1999). Appropriate dosages should be based on age, risk factors (e.g., high
risk for caries), and ingestion of fluoride from other sources (Dillenberg et
al. 1992; Jones and Berg 1992; Levy and Muchow 1992; Levy 1994; Warren
and Levy 1999). Although compliance is often considered to be a problem,
inappropriate use of fluoride supplements has also been identified as a risk
factor for enamel fluorosis (Dillenberg et al. 1992; Levy and Muchow 1992;
Levy 1994; Pendrys and Morse 1995; Warren and Levy 1999).

The dietary fluoride supplement schedule in the United States, as revised
in 1994 by the American Dental Association, now calls for no supplements
for children less than 6 months old and none for any child whose water con-
tains at least 0.6 mg/L (Record et al. 2000; ADA 2005; Table 2-8). Further
changes in recommendations for fluoride supplements have been suggested
(Fomon and Ekstrand 1999; Newbrun 1999; Fomon et al. 2000), includ-
ing dosages based on individual body weight rather than age (Adair 1999)
and the use of lozenges to be sucked rather than tablets to be swallowed
(Newbrun 1999), although others disagree (Moss 1999). The Canadian
recommendations for fluoride supplementation include an algorithm for
determining the appropriateness for a given child and then a schedule of
doses; no supplementation is recommended for children whose water con-
tains at least 0.3 mg/L or who are less than 6 months old (Limeback et al.
1998; Limeback 1999Db).

Fluoride in Air

Fluoride (either as hydrogen fluoride, particulate fluorides, or fluorine
gas) is released to the atmosphere by natural sources such as volcanoes!! and
by a number of anthropogenic sources. In North America, anthropogenic
sources of airborne fluoride include coal combustion by electrical utilities
and other entities, aluminum production plants, phosphate fertilizer plants,
chemical production facilities, steel mills, magnesium plants, and manufac-
turers of brick and structural clay (reviewed by ATSDR 2003). Estimated
airborne releases of hydrogen fluoride in the United States in 2001 were
67.4 million pounds (30.6 million kg; TRI 2003), of which at least 80% was
attributed to electrical utilities (ATSDR 2003). Airborne releases of fluorine
gas totaled about 9,000 pounds or 4,100 kg (TRI 2003). Anthropogenic
hydrogen fluoride emissions in Canada in the mid-1990s were estimated at
5,400 metric tons (5.4 million kg or 11.9 million pounds), of which 75%
was attributed to primary aluminum producers (CEPA 1996).

Volcanic activity historically has been a major contributor of HF and other contaminants
to the atmosphere in some parts of the world, with some volcanoes emitting 5 tons of HF
per day (Nicaragua) or as much as 15 million tons during a several month eruption (Iceland)
(Durand and Grattan 2001; Grattan et al. 2003; Stone 2004).
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TABLE 2-8 Dietary Fluoride Supplement Schedule of 1994

Fluoride Concentration in Drinking Water, mg/L

Age <0.3 0.3-0.6 > 0.6
Birth to 6 months None None None
6 months to 3 years 0.25 mg/day None None
3-6 years 0.50 mg/day 0.25 mg/day None
6-16 years 1.0 mg/day 0.50 mg/day None

SOURCE: ADA 2005. Reprinted with permission; copyright 2005, American Dental
Association.

Measured fluoride concentrations in air in the United States and Canada
typically range from 0.01 to 1.65 pg/m?, with most of it (75%) present as
hydrogen fluoride (CEPA 1996). The highest concentrations (>1 pg/m?3)
correspond to urban locations or areas in the vicinity of industrial opera-
tions. Historically, concentrations ranging from 2.5 to 14,000 pg/m? have
been reported near industrial operations in various countries (reviewed
by EPA 1988). Ernst et al. (1986) reported an average concentration of
airborne fluoride of about 600 pg/m? during the 1981 growing season in a
rural inhabited area (Cornwall Island) on the U.S.-Canadian border directly
downwind from an aluminum smelter. Hydrogen fluoride is listed as a haz-
ardous air pollutant in the Clean Air Act Amendments of 1990 (reviewed
by ATSDR 2003), and as such, its emissions are subject to control based
on “maximum achievable control technology” emission standards. Such
standards are already in effect for fluoride emissions from primary and sec-
ondary aluminum production, phosphoric acid manufacture and phosphate
fertilizer production, and hydrogen fluoride production (ATSDR 2003).

For most individuals in the United States, exposure to airborne fluoride
is expected to be low compared with ingested fluoride (EPA 1988); excep-
tions include people in heavily industrialized areas or having occupational
exposure. Assuming inhalation rates of 10 m3/day for children and 20
m?/day for adults, fluoride exposures from inhalation in rural areas (<0.2
pg/m?3 fluoride) would be less than 2 pg/day (0.0001-0.0002 mg/kg/day)
for a child and 4 pg/day (0.00006 mg/kg/day) for an adult. In urban areas
(<2 pg/m?3), fluoride exposures would be less than 20 pg/day (0.0001-0.002
mg/kg/day) for a child and 40 pg/day (0.0006 mg/kg/day) for an adult.
Lewis and Limeback (1996) used an estimate of 0.01 pg/kg/day (0.00001
mg/kg/day) for inhaled fluoride for Canadians; this would equal 0.1 pg/day
for a 10-kg child or 0.7 pg/day for a 70-kg adult.

Occupational exposure at the Occupational Safety and Health Admin-
istration (OSHA) exposure limit of 2.5 mg/m3 would result in a fluoride
intake of 16.8 mg/day for an 8-hour working day (0.24 mg/kg/day for a
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70-kg person) (ATSDR 2003). Heavy cigarette smoking could contribute
as much as 0.8 mg of fluoride per day to an individual (0.01 mg/kg/day for
a 70-kg person) (EPA 1988).

Fluoride in Soil

Fluoride in soil could be a source of inadvertent ingestion exposure,
primarily for children. Typical fluoride concentrations in soil in the United
States range from very low (<10 ppm) to as high as 3% to 7% in areas with
high concentrations of fluorine-containing minerals (reviewed by ATSDR
2003). Mean or typical concentrations in the United States are on the order
of 300-430 ppm. Soil fluoride content may be higher in some areas due to
use of fluoride-containing phosphate fertilizers or to deposition of airborne
fluoride released from industrial operations.

Estimated values for inadvertent soil ingestion by children (excluding
those with pica) are 100 mg/day (mean) and 400 mg/day (upper bound)
(EPA 1997); the estimated mean value for soil ingestion by adults is 50 mg/
day (EPA (1997). For a typical fluoride concentration in soil of 400 ppm,
therefore, estimated intakes of fluoride by children would be 0.04 (mean) to
0.16 mg/day (upper bound) and by adults, 0.02 mg/day. For a 20-kg child,
the mass-normalized intake would be 0.002-0.008 mg/kg/day; for a 70-kg
adult, the corresponding value would be 0.0003 mg/kg/day. Erdal and Bu-
chanan (2005) estimated intakes of 0.0025 and 0.01 mg/kg/day for children
(3-5 years), for mean and reasonable maximum exposures, respectively,
based on a fluoride concentration in soil of 430 ppm. In their estimates,
fluoride intake from soil was 5-9 times lower than that from fluoridated
drinking water.

For children with pica (a condition characterized by consumption of
nonfood items such as dirt or clay), an estimated value for soil ingestion is
10 g/day (EPA 1997). For a 20-kg child with pica, the fluoride intake from
soil containing fluoride at 400 ppm would be 4 mg/day or 0.2 mg/kg/day.
Although pica in general is not uncommon among children, the prevalence
is not known (EPA 1997). Pica behavior specifically with respect to soil or
dirt appears to be relatively rare but is known to occur (EPA 1997); however,
fluoride intake from soil for a child with pica could be a significant contribu-
tor to total fluoride intake. For most children and for adults, fluoride intake
from soil probably would be important only in situations in which the soil
fluoride content is high, whether naturally or due to industrial pollution.

Pesticides

Cryolite and sulfuryl fluoride are the two pesticides that are regulated
for their contribution to the residue of inorganic fluoride in foods. For food
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use pesticides, EPA establishes a tolerance for each commodity to which a
pesticide is allowed to be applied. Tolerance is the maximum amount of
pesticide allowed to be present in or on foods. In the environment, cryo-
lite breaks down to fluoride, which is the basis for the safety evaluation
of cryolite and synthetic cryolite pesticides (EPA 1996a). Fluoride ions
are also degradation products of sulfuryl fluoride (EPA 1992). Thus, the
recent evaluation of the dietary risk of sulfuryl fluoride use on food takes
into account the additional exposure to fluoride from cryolite (EPA 2004).
Sulfuryl fluoride is also regulated as a compound with its own toxicologic
characteristics.

Cryolite, sodium hexafluoroaluminate (Na;AlF ), is a broad spectrum
insecticide that has been registered for use in the United States since 1957.
Currently, it is used on many food (tree fruits, berries, and vegetables) and
feed crops, and on nonfood ornamental plants (EPA 1996a). The respec-
tive fluoride ion concentrations from a 200 ppm aqueous synthetic cryolite
(97.3% pure) at pH 5, 7, and 9 are estimated at 16.8, 40.0, and 47.0 ppm
(approximately 15.5%, 37%, and 43% of the total available fluorine) (EPA
1996a). A list of tolerances for the insecticidal fluorine compounds cryolite
and synthetic cryolite is published in the Code of Federal Regulations (40
CFR § 180.145(a, b, ¢) [2004]). Current tolerances for all commodities are
at 7 ppm.

Sulfuryl fluoride (SO,F,), is a structural fumigant registered for use in
the United States since 1959 for the control of insects and vertebrate pests.
As of January 2004, EPA published a list of tolerances for sulfuryl fluoride
use as a post-harvest fumigant for grains, field corn, nuts, and dried fruits
(69 Fed. Reg. 3240 [2004]; 40 CFR 180.575(a) [2004]). The calculated
exposure threshold at the drinking-water MCL of 4 mg/L was used as the
basis for assessing the human health risk associated with these decisions
(EPA 2004).

Concerns were raised that foods stored in the freezer during sulfuryl
fluoride residential fumigation might retain significant amounts of fluoride
residue. Scheffrahn et al. (1989) reported that unsealed freezer foods con-
tained fluoride at as high as 89.7 ppm (flour, at 6,803 mg-hour/L rate of
sulfuryl fluoride application) while no fluoride residue was detected (0.8
ppm limit of detection) in foods that were sealed with polyethylene film. A
later study reported fluoride residue above 1 ppm in food with higher fat
contents (e.g., 5.643 ppm in margarine) or that was improperly sealed (e.g.,
7.66 ppm in a reclosed peanut butter PETE [polyethylene terephthalate] jar)
(Scheffrahn et al. 1992).

Dietary exposure for a food item is calculated as the product of its
consumption multiplied by the concentration of the residue of concern. The
total daily dietary exposure for an individual is the sum of exposure from
all food items consumed in a day. A chronic dietary exposure assessment of
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fluoride was recently conducted for supporting the establishment of toler-
ances for the post-harvest use of sulfuryl fluoride. EPA (2004) used the Di-
etary Exposure Evaluation Model (DEEM-FCID), a computation program,
to estimate the inorganic fluoride exposure from cryolite, sulfuryl fluoride,
and the background concentration of fluoride in foods. DEEM-FCID (Ex-
ponent, Inc) uses the food consumption data from the 1994-1996 and 1998
Continuing Survey of Food Intakes by Individuals (CSFII) conducted by the
U.S. Department of Agriculture (USDA). The 1994-1996 database consists
of food intake diaries of more than 15,000 individuals nationwide on two
nonconsecutive days. A total of 4,253 children from birth to 9 years of
age are included in the survey. To ensure that the eating pattern of young
children is adequately represented in the database, an additional survey was
conducted in 1998 of 5,559 children 0-9 years of age. The latter survey was
designed to be compatible with the CSFII 1994-1996 data so that the two
sets of data can be pooled to increase the sample size for children. The Food
Commodity Intake Database (FCID) is jointly developed by EPA and USDA
for the purpose of estimating dietary exposure from pesticide residues in
foods. It is a translated version of the CSFII data that expresses the intake
of consumed foods in terms of food commodities (e.g., translating apple pie
into its ingredients, such as apples, flour, sugar, etc.) (EPA 2000c).

All foods and food forms (e.g., grapes—fresh, cooked, juice, canned,
raisins, wine) with existing tolerances for cryolite and sulfuryl fluoride were
included in the recent EPA fluoride dietary exposure analysis (EPA 2004).
For the analysis of fluoride exposure from cryolite, residue data taken from
monitoring surveys, field studies, and at tolerance were adjusted to reflect
changes in concentration during food processing (e.g., mixing in milling,
dehydration, and food preparation). For the fluoride exposure from post-
harvest treatment with sulfuryl fluoride, the measured residues are used
without further adjustment except for applying drawdown factors in grain
mixing (EPA 2004). In estimating fluoride exposure from both cryolite- and
sulfuryl fluoride-treated foods, residue concentrations were adjusted for the
percentage of crop treated with these pesticides based on the information
from market share and agricultural statistics on pesticide use.

Fluoride exposures from a total of 543 forms of foods (e.g., plant-
based, bovine, poultry, egg, tea) containing fluoride were also estimated
as the background food exposure. Residue data were taken from surveys
and residue trials (EPA 2004). No adjustments were made to account for
residue concentration through processing or dehydration. Theoretically, the
exposure from some processed foods (e.g., dried fruits) could potentially
be higher than if their residue concentrations were assumed to be the same
as in the fresh commodities (e.g., higher exposure from higher residue in
dried fruits than assuming same residue concentration for both dried and
fresh fruits.) However, these considerations are apparently offset by the
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use of higher residue concentrations for many commodities (e.g., using the
highest values from a range of survey data, the highest value as surrogate
for when data are not available, assuming residue in dried fruits and tree
nuts at one-half the limit of quantification when residue is not detected)
such that the overall dietary exposure was considered overestimated (EPA
2004). The dietary fluoride exposure thus estimated ranged from 0.0003
to 0.0031 mg/kg/day from cryolite, 0.0003 to 0.0013 mg/kg/day from
sulfuryl fluoride, and 0.005 to 0.0175 mg/kg/day from background con-
centration in foods (EPA 2004). Fine-tuning the dietary exposure analysis
using the comprehensive National Fluoride Database recently published by
USDA (2004) for many foods also indicates that the total background food
exposure would not be significantly different from the analysis by EPA,
except for the fluoride intake from tea. A closer examination of the residue
profile used by EPA (2004) for background food exposure analysis reveals
that 5 ppm, presumably a high-end fluoride concentration in brewed tea,
was entered in the residue profile that called for fluoride concentration in
powdered or dried tea. According to the USDA survey database (2004), the
highest detected fluoride residue in instant tea powder is 898.72 ppm. The
corrected exposure estimate is presented in the section “Total Exposure to
Fluoride” later in this chapter.

Fluorinated Organic Chemicals

Many pharmaceuticals, consumer products, and pesticides contain
organic fluorine (e.g., -CF;, -SCF;, ~OCF,). Unlike chlorine, bromine, and
iodine, organic fluorine is not as easily displaced from the alkyl carbon
and is much more lipophilic than the hydrogen substitutes (Daniels and
Jorgensen 1977; PHS 1991). The lipophilic nature of the trifluoromethyl
group contribute to the enhanced biological activity of some pharmaceuti-
cal chemicals.

The toxicity of fluorinated organic chemicals usually is related to their
molecular characteristics rather than to the fluoride ions metabolically
displaced. Fluorinated organic chemicals go through various degrees of bio-
transformation before elimination. The metabolic transformation is minimal
for some chemicals. For example, the urinary excretion of ciprofloxacin
(fluoroquinolone antibacterial agent) consists mainly of the unchanged par-
ent compound or its fluorine-containing metabolites (desethylene-, sulfo-,
ox0-, and N-formyl ciprofloxacin) (Bergan 1989). Nevertheless, Pradhan et
al. (1995) reported an increased serum fluoride concentration from 4 pM
(0.076 ppm) to 11 pM (0.21 ppm) in 19 children from India (8 months to
13 years old) within 12 hours after the initial oral dose of ciprofloxacin
at 15-25 mg/kg. The presumed steady state (day 7 of repeated dosing) 24-
hour urinary fluoride concentration was 15.5% higher than the predosing
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concentration (59 pM versus 51 pM; or, 1.12 ppm versus 0.97 ppm). An-
other example of limited contribution to serum fluoride concentration from
pharmaceuticals was reported for flecainide, an antiarrhythmic drug. The
peak serum fluoride concentration ranged from 0.0248 to 0.0517 ppm (1.3
to 2.7 pM) in six healthy subjects (26-54 years old, three males, and three
females) 4.5 hours after receiving a single oral dose of 100 mg of flecainide
acetate (Rimoli et al. 1991). One to two weeks before the study, the subjects
were given a poor fluoride diet, used toothpaste without fluoride, and had
low fluoride (0.08 mg/L) in their drinking water.

Other fluoride-containing organic chemicals go through more extensive
metabolism that results in greater increased bioavailability of fluoride ion.
Elevated serum fluoride concentrations from fluorinated anesthetics have
been extensively studied because of the potential nephrotoxicity of methoxy-
flurane in association with elevated serum fluoride concentrations beyond a
presumed toxicity benchmark of 50 pM (Cousins and Mazze 1973; Mazze
et al. 1977). A collection of data on peak serum fluoride ion concentrations
from exposures to halothane, enflurane, isoflurane, and sevoflurane is given
in Appendix B. These data serve to illustrate a wide range of peak concentra-
tions associated with various use conditions (e.g., length of use, minimum
alveolar concentration per hour), biological variations (e.g., age, gender,
obesity, smoking), and chemical-specific characteristics (e.g., biotransfor-
mation pattern and rates). It is not clear how these episodically elevated
serum fluoride ion concentrations contribute to potential adverse effects of
long-term sustained exposure to inorganic fluoride from other media, such
as drinking water, foods, and dental-care products.

Elevated free fluoride ion (< 2% of administered dose) also was detected
in the plasma and urine of some patients after intravenous administration
of fluorouracil (Hull et al. 1988). Nevertheless, the major forms of urinary
excretion were still the unchanged parent compound and its fluorine-con-
taining metabolites (dihydrofluorouracil, a-fluoro--ureidopropanoic acid,
o-fluoro-B-alanine). The extent of dermal absorption of topical fluorouracil
cream varies with skin condition, product formulation, and the conditions
of use. Levy et al. (2001a) reported less than 3% systemic fluorouracil ab-
sorption in patients treated with 0.5% or 5% cream for actinic keratosis.

A group of widely used consumer products is the fluorinated telomers
and polytetrafluoroethylene, or Teflon. EPA is in the process of evaluating
the environmental exposure to low concentrations of perfluorooctanoic acid
(PFOA) and its principal salts that are used in manufacturing fluoropoly-
mers or as their breakdown products (EPA 2003b). PFOA is persistent in
the environment. It is readily absorbed through oral and inhalation exposure
and is eliminated in urine and feces without apparent biotransformation
(EPA 2003b; Kudo and Kawashima 2003). Unchanged plasma and urine
fluoride concentrations in rats that received intraperitoneal injections of
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PFOA also indicated a lack of defluorination (Vanden Heuvel et al. 1991).
(See Chapter 3 for more discussion of PFOA.)

Aluminofluorides, Beryllofluorides, and Fluorosilicates

Aluminofluorides and Beryllofluorides

Complexes of aluminum and fluoride (aluminofluorides, most often
AlF; or AIF,") or beryllium and fluoride (beryllofluorides, usually as BeF;")
occur when the two elements are present in the same environment (Stru-
necka and Patocka 2002). Fluoroaluminate complexes are the most com-
mon forms in which fluoride can enter the environment. Eight percent of
the earth’s crust is composed of aluminumy; it is the most abundant metal
and the third most abundant element on earth (Liptrot 1974). The most
common form for the inorganic salt of aluminum and fluoride is cryolite
(Na,AlF,). In fact, of the more than 60 metals on the periodic chart, AP+
binds fluoride most strongly (Martin 1988). With the increasing prevalence
of acid rain, metal ions such as aluminum become more soluble and enter
our day-to-day environment; the opportunity for bioactive forms of AlF to
exist has increased in the past 100 years. Human exposure to aluminofluo-
rides can occur when a person ingests both a fluoride source (e.g., fluoride
in drinking water) and an aluminum source; sources of human exposure
to aluminum include drinking water, tea, food residues, infant formula,
aluminum-containing antacids or medications, deodorants, cosmetics, and
glassware (ATSDR 1999; Strunecka and Patocka 2002; Li 2003; Shu et al.
2003; Wong et al. 2003). Aluminum in drinking water comes both from
the alum used as a flocculant or coagulant in water treatment and from
leaching of aluminum into natural water by acid rain (ATSDR 1999; Li
2003). Exposure specifically to aluminofluoride complexes is not the issue
so much as the fact that humans are routinely exposed to both elements.
Human exposure to beryllium occurs primarily in occupational settings, in
the vicinity of industrial operations that process or use beryllium, and near
sites of beryllium disposal (ATSDR 2002).

Aluminofluoride and beryllofluoride complexes appear to act as ana-
logues of phosphate groups—for example, the terminal phosphate of
guanidine triphosphate (GTP) or adenosine triphosphate (ATP) (Chabre
1990; Antonny and Chabre 1992; Caverzasio et al. 1998; Facanha and
Okorokova-Facanha 2002; Strunecka and Patocka 2002; Li 2003). Thus,
aluminofluorides might influence the activity of a variety of phosphatases,
phosphorylases, and kinases, as well as the G proteins involved in biologi-
cal signaling systems, by inappropriately stimulating or inhibiting normal
function of the protein (Yatani and Brown 1991; Caverzasio et al. 1998;
Facanha and Okorokova-Facanha 2002; Strunecka and Patocka 2002; Li
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2003). Aluminofluoride complexes have been reported to increase the con-
centrations of second messenger molecules (e.g., free cytosolic Ca?*, inositol
1,4,5-trisphosphate, and cyclic AMP) for many bodily systems (Sternweis
and Gilman 1982; Strunecka et al. 2002; Li 2003). The increased toxicity
of beryllium in the presence of fluoride and vice versa was noted as early
as 1949 (Stokinger et al. 1949). For further discussion of aluminofluorides,
see Chapters § and 7.

Further research should include characterization of both the exposure
conditions and the physiological conditions (for fluoride and for aluminum
or beryllium) under which aluminofluoride and beryllofluoride complexes
can be expected to occur in humans as well as the biological effects that
could result.

Fluorosilicates

Most fluoride in drinking water is added in the form of fluosilicic acid
(fluorosilicic acid, H,SiF) or the sodium salt (sodium fluosilicate, Na,SiF,),
collectively referred to as fluorosilicates (CDC 1993). Of approximately
10,000 fluoridated water systems included in the CDC’s 1992 fluorida-
tion census, 75% of them (accounting for 90% of the people served) used
fluorosilicates. This widespread use of silicofluorides has raised concerns
on at least two levels. First, some authors have reported an association
between the use of silicofluorides in community water and elevated blood
concentrations of lead in children (Masters and Coplan 1999; Masters et
al. 2000); this association is attributed to increased uptake of lead (from
whatever source) due to incompletely dissociated silicofluorides remaining
in the drinking water (Masters and Coplan 1999; Masters et al. 2000) or
to increased leaching of lead into drinking water in systems that use chlo-
ramines (instead of chlorine as a disinfectant) and silicofluorides (Allegood
2005; Clabby 2005; Maas et al. 2005).113 Macek et al. (2006) have also
compared blood lead concentrations in children by method of water fluori-
dation; they stated that their analysis did not support an association between
blood lead concentrations and silicofluorides, but also could not refute it,

2In common practice, chloramines are produced with an excess of ammonia, which ap-
pears to react with silicofluorides to produce an ammonium-fluorosilicate intermediate which
facilitates lead dissolution from plumbing components (Maas et al. 2005).

13 Another possible explanation for increased blood lead concentrations which has not been
examined is the effect of fluoride intake on calcium metabolism; a review by Goyer (1995)
indicates that higher blood and tissue concentrations of lead occur when the diet is low in
calcium. Increased fluoride exposure appears to increase the dietary requirement for calcium
(see Chapter 8); in addition, the substitution of tap-water based beverages (e.g., soft drinks
or reconstituted juices) for dairy products would result in both increased fluoride intake and
decreased calcium intake.
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especially for children living in older housing. Second, essentially no studies
have compared the toxicity of silicofluorides with that of sodium fluoride,
based on the assumption that the silicofluorides will have dissociated to free
fluoride before consumption (see also Chapter 7).

Use of more sophisticated analytical techniques such as nuclear mag-
netic resonance has failed to detect any silicon- and fluorine-containing
species other than hexafluorosilicate ion (SiF*") (Urbansky 2002; Morris
2004). In drinking water at approximately neutral pH and typical fluoride
concentrations, all the silicofluoride appears to be dissociated entirely to
silicic acid [Si(OH),], fluoride ion, and HF (Urbansky 2002; Morris 2004);
any intermediate species either exist at extremely low concentrations or
are highly transient. SiF >~ would be present only under conditions of low
pH (pH < 5; Urbansky 2002; Morris 2004) and high fluoride concentra-
tion (above 16 mg/L according to Urbansky [2002]; at least 1 g/L to reach
detectable levels of SiF >, according to Morris [2004]). Urbansky (2002)
also stated that the silica contribution from the fluoridating agent is usually
trivial compared with native silica in the water; therefore, addition of any
fluoridating agent (or the presence of natural fluoride) could result in the
presence of SiF >~ in any water if other conditions (low pH and high total
fluoride concentration) are met. Both Urbansky (2002) and Morris (2004)
indicate that other substances in the water, especially metal cations, might
form complexes with fluoride, which, depending on pH and other factors,
could influence the amount of fluoride actually present as free fluoride ion.
For example, P.J. Jackson et al. (2002) have calculated that at pH 7, in the
presence of aluminum, 97.46% of a total fluoride concentration of 1 mg/L
is present as fluoride ion, but at pH 6, only 21.35% of the total fluoride is
present as fluoride ion, the rest being present in various aluminum fluoride
species (primarily AIF,* and AlF,). Calculations were not reported for pH
< 6.

Further research should include analysis of the concentrations of fluo-
ride and various fluoride species or complexes present in tap water, using
a range of water samples (e.g., of different hardness and mineral content).
In addition, given the expected presence of fluoride ion (from any fluorida-
tion source) and silica (native to the water) in any fluoridated tap water, it
would be useful to examine what happens when that tap water is used to
make acidic beverages or products (commercially or in homes), especially
fruit juice from concentrate, tea, and soft drinks. Although neither Urbansky
(2002) nor Morris (2004) discusses such beverages, both indicate that at
pH < 5, SiF >~ would be present, so it seems reasonable to expect that some
SiF >~ would be present in acidic beverages but not in the tap water used to
prepare the beverages. Consumption rates of these beverages are high for
many people, and therefore the possibility of biological effects of SiF*~, as
opposed to free fluoride ion, should be examined.
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RECENT ESTIMATES OF TOTAL FLUORIDE EXPOSURE

A number of authors have reviewed fluoride intake from water, food
and beverages, and dental products, especially for children (NRC 1993;
Levy 1994; Levy et al. 1995a,b,c; Lewis and Limeback 1996; Levy et al.
2001Db). Heller et al. (1999, 2000) estimated that a typical infant less than
1 year old who drinks fluoridated water containing fluoride at 1 mg/L
would ingest approximately 0.08 mg/kg/day from water alone. Shulman et
al. (1995) also calculated fluoride intake from water, obtaining an estimate
of 0.08 mg/kg/day for infants (7-9 months of age), with a linearly declining
intake with age to 0.034 mg/kg/day for ages 12.5-13 years.

Levy et al. (1995b,c; 2001b) have estimated the intake of fluoride by
infants and children at various ages based on questionnaires completed by
the parents in a longitudinal study. For water from all sources (direct, mixed
with formula, etc.), the intake of fluoride by infants (Levy et al. 1995b)
ranged from 0 (all ages examined) to as high as 1.73 mg/day (9 months
old). Infants fed formula prepared from powdered or liquid concentrate had
fluoride intakes just from water in the formula of up to 1.57 mg/day. The
sample included 124 infants at 6 weeks old and 77 by 9 months old. Thirty-
two percent of the infants at 6 weeks and 23% at age 3 months reportedly
had no water consumption (being fed either breast milk or ready-to-feed
formula without added water). Mean fluoride intakes for the various age
groups ranged from 0.29 to 0.38 mg/day; however, these values include the
children who consumed no water, and so are not necessarily applicable for
other populations. For the same children, mean fluoride intakes from water,
fluoride supplement (if used), and dentifrice (if used) ranged from 0.32 to
0.38 mg/day (Levy et al. 1995¢); the maximum fluoride intakes ranged from
1.24 (6 weeks old) to 1.73 mg/day (9 months old). Ten percent of the infants
at 3 months old exceeded an intake of 1.06 mg/day.

For a larger group of children (about 12,000 at 3 months and 500 by
36 months of age; Levy et al. 2001b), mean fluoride intakes from water,
supplements, and dentifrice combined ranged from 0.360 mg/day (12
months old) to 0.634 mg/day (36 months old). The 90th percentiles ranged
from 0.775 mg/day (16 months old) to 1.180 mg/day (32 months old).
Maximum intakes ranged from 1.894 mg/day (16 months old) to 7.904
mg/day (9 months old) and were attributable only to water (consumption
of well water with 5-6 mg/L fluoride; about 1% of the children had water
sources containing more than 2 mg/L fluoride). For ages 1.5-9 months, ap-
proximately 40% of the infants exceeded a mass-normalized intake level for
fluoride of 0.07 mg/kg/day; for ages 12-36 months, about 10-17% exceeded
that level (Levy et al. 2001b).

Levy et al. (2003b) reported substantial variation in total fluoride intake
among children aged 36-72 months, with some individual intakes greatly
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exceeding the means. The mean intake per unit of body weight declined
with age from 0.05 to 0.06 mg/kg/day at 36 months to 0.03-0.04 mg/kg/day
at 72 months; 90th percentile values declined from about 0.10 mg/kg/day
to about 0.06 mg/kg/day (Levy et al. 2003b). Singer et al. (1985) reported
mean estimated total fluoride intakes of 1.85 mg/day for 15- to 19-year-old
males (based on a market-basket survey and a diet of 2,800 calories per day)
in a fluoridated area (>0.7 mg/L) and 0.86 mg/day in nonfluoridated areas
(<0.3 mg/L). Beverages and drinking water contributed approximately 75 %
of the total fluoride intake.

Lewis and Limeback (1996) estimated total daily fluoride intakes of
0.014-0.093 mg/kg for formula-fed infants and 0.0005-0.0026 mg/kg for
breast-fed infants (up to 6 months). For children aged 7 months to 4 years,
the estimated daily intakes from food, water, and household products (pri-
marily dentifrice) were 0.087-0.160 mg/kg in fluoridated areas and 0.045-
0.096 mg/kg in nonfluoridated areas. Daily intakes for other age groups
were 0.049-0.079, 0.033-0.045, and 0.047-0.058 mg/kg for ages 5-11,
12-19, and 20+ in fluoridated areas, and 0.026-0.044, 0.017-0.021, and
0.032-0.036 mg/kg for the same age groups in nonfluoridated areas.

Rojas-Sanchez et al. (1999) estimated mean total daily fluoride intakes
from foods, beverages, and dentifrice by 16- to 40-month-old children to
be 0.767 mg (0.056 mg/kg) in a nonfluoridated community and 0.965 mg
(0.070-0.073 mg/kg) in both a fluoridated community and a “halo” com-
munity. The higher mean dentifrice intake in the halo community than in the
fluoridated community compensated for the lower dietary intake of fluoride
in the halo community. Between 45% and 57% of children in the com-
munities with higher daily fluoride intake exceeded the “upper estimated
threshold limit” of 0.07 mg/kg, even without including any fluoride intake
from supplements, mouth rinses, or gels in the study.

Erdal and Buchanan (2005), using a risk assessment approach based
on EPA practices, estimated the cumulative (all sources combined) daily
fluoride intake by infants (<1-year-old) in fluoridated areas to be 0.11 and
0.20 mg/kg for “central tendency” and “reasonable maximum exposure”
conditions, respectively. For infants in nonfluoridated areas, the correspond-
ing intakes were 0.08 and 0.11 mg/kg. For children aged 3-5, the estimated
intakes were 0.06 and 0.23 mg/kg in fluoridated areas and 0.06 and 0.21
in nonfluoridated areas.

TOTAL EXPOSURE TO FLUORIDE

A systematic estimation of fluoride exposure from pesticides, back-
ground food, air, toothpaste, fluoride supplement, and drinking water is
presented in this section. The estimated typical or average chronic exposures
to inorganic fluoride from nonwater sources are presented in Table 2-9.
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TABLE 2-9 Total Estimated Chronic Inorganic Fluoride Exposure from
Nonwater Sources

Average Inorganic Fluoride Exposure, mg/kg/day

Back-

Population Sulfuryl ground Tooth- Total

Subgroups Fluoride? Cryolite? Food? paste?  Air? Nonwater Supplement®

All infants (<1~ 0.0005 0.0009  0.0096 0 0.0019 0.0129 0.0357
year)

Nursing 0.0003 0.0004  0.0046 0 0.0019 0.0078¢  0.0357

Nonnursing 0.0006  0.0012  0.0114 0 0.0019 0.0151 0.0357

Children 1-2 0.0013 0.0031  0.0210 0.0115 0.0020 0.0389 0.0192
years

Children 3-5 0.0012  0.0020  0.0181 0.0114 0.0012 0.0339 0.0227
years

Children 6-12  0.0007  0.0008  0.0123 0.0075 0.0007 0.0219 0.0250
years

Youth 13-19 0.0004  0.0003  0.0097 0.0033 0.0007 0.0144 0.0167
years

Adults 20-49  0.0003 0.0004  0.0114 0.0014 0.0006 0.0141 0
years

Adults 50+ 0.0003 0.0005  0.0102 0.0014 0.0006 0.0130 0
years

Females 13-49  0.0003 0.0005  0.0107 0.0016 0.0006 0.0137 0
years®

9Based on the exposure assessment by EPA (2004). Background food exposures are corrected
for the contribution from powdered or dried tea at 987.72 ppm instead of 5 ppm used in EPA
analysis.

PBased on Levy et al. (1995a), assuming two brushings per day with fluoride toothpaste
(0.1% F) and moderate rinsing. The estimated exposures are: 0 mg/day for infants; 0.15 mg/day
for 1-2 years; 0.25 mg/day for 3-5 years; 0.3 mg/day for 6-12 years; 0.2 mg/day for 13-19
years; 0.1 mg/day for all adults and females 13-49 years. The calculated exposure in mg/kg/day
is based on the body weights from EPA (2004). For most age groups, these doses are lower
than the purported maximum of 0.3 mg/day used for all age groups by EPA (2004).

‘Based on ADA (2005) schedule (Table 2-8) and body weights from EPA (2004). Note that
the age groups here do not correspond exactly to those listed by ADA (2005). The estimated
exposures are: 0.25 mg/day for infant and 1-2 years; 0.5 mg/day for 3-5 years, and 1 mg/day
for 6-12 years and 13-19 years.

dIncludes the estimated 0.0006 mg/kg/day from breast milk. Using the higher estimated
breast-milk exposure from a fluoridated area (approximately 0.0014 mg/kg/day) results in
0.0086 mg/kg/day for total nonwater exposure.

“Women of childbearing age.

The exposures from pesticides (sulfuryl fluoride and cryolite), background
food, and air are from a recent exposure assessment by EPA (2004). The
background food exposure is corrected for the contribution from powdered
or dried tea by using the appropriate residue concentration of 897.72 ppm
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for instant tea powder instead of the 5 ppm for brewed tea used in the EPA
(2004) analysis. It should be noted that the exposure from foods treated
with sulfuryl fluoride is not applicable before its registration for post-harvest
fumigation in 2004. The exposure from toothpaste is based on Levy et al.
(1995a; see Table 2-7). The use of fluoride-containing toothpaste is assumed
not to occur during the first year of life. Fluoride supplements are considered
separately in Table 2-9 and are not included in the “total nonwater” column.
Children 1-2 years old have the highest exposures from all nonwater source
components. The two highest nonwater exposure groups are children 1-2
and 3-5 years old, at 0.0389 and 0.0339 mg/kg/day, respectively (Table 2-9).
These doses are approximately 2.5-3 times those of adult exposures.

The estimated exposures from drinking water are presented in Table
2-10, using the DEEM-FCID model (version 2.03, Exponent Inc.). The
water consumption data are based on the FCID translated from the CSFII
1994-1996 and 1998 surveys and represent an update to the informa-
tion presented in Appendix B. The food forms for water coded as “direct,
tap”; “direct, source nonspecified”; “indirect, tap”; and “indirect, source
nonspecified” are assumed to be from local tap water sources. The sum of
these four categories constitutes 66-77% of the total daily water intake.
The remaining 23-34% is designated as nontap, which includes four food
forms coded as “direct, bottled”; “direct, others”; “indirect, bottled”; and

TABLE 2-10 Estimated Chronic (Average) Inorganic Fluoride Exposure
(mg/kg/day) from Drinking Water (All Sources)”

Fluoride Concentrations in Tap Water
(fixed nontap water at 0.5 mg/L)

Population Subgroups 0 mg/L 0.5 mg/L 1.0 mg/L 2.0 mg/L 4.0 mg/L

All infants (<1 year) 0.0120 0.0345 0.0576 0.1040 0.1958
Nursing 0.0050 0.0130 0.0210 0.0370 0.0700
Nonnursing 0.0140 0.0430 0.0714 0.1290 0.2430
Children 1-2 years 0.0039 0.0157 0.0274 0.0510 0.0982
Children 3-5 years 0.0036 0.0146 0.0257 0.0480 0.0920
Children 6-12 years 0.0024 0.0101 0.0178 0.0330 0.0639
Youth 13-19 years 0.0018 0.0076 0.0134 0.0250 0.0484
Adults 20-49 years 0.0024 0.0098 0.0173 0.0320 0.0620
Adults 50+ years 0.0023 0.0104 0.0184 0.0340 0.0664
Females 13-49 years® 0.0025 0.0098 0.0171 0.0320 0.0609

“Estimated from DEEM-FCID model (version 2.03, Exponent Inc.). The water consumption
data are based on diaries from the CSFII 1994-1996 and 1998 surveys that are transformed
into food forms by the Food Commodity Intake Database (FCID). The food forms coded as
“direct, tap”; “direct, source nonspecified”; “indirect, tap”; and “indirect, source nonspecified”
are assumed to be from tap water sources.

b\Women of childbearing age.
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“indirect, others”. Fluoride exposures from drinking water (Table 2-10) are
estimated for different concentrations of fluoride in the local tap water (0,
0.5, 1.0, 2.0, or 4.0 mg/L), while assuming a fixed 0.5 mg/L for all nontap
sources (e.g., bottled water). The assumption for nontap water concentra-
tion is based on the most recent 6-year national public water system compli-
ance monitoring from a 16-state cross section that represents approximately
41,000 public water systems, showing average fluoride concentrations of
0.482 mg/L in groundwater and 0.506 mg/L in surface water (EPA 2003a).
The reported best estimates for exceeding 1.2, 2, and 4 mg/L in surface-
water source systems are 9.37%, 1.11%, and 0.0491%, respectively; for
groundwater source systems, the respective estimates are 8.54%, 3.05%,
and 0.55%. Table 2-10 shows that nonnursing infants have the highest ex-
posure from drinking water. The estimated daily drinking-water exposures
at tap-water concentrations of 1, 2, and 4 mg/L are 0.0714, 0.129, and
0.243 mg/kg, respectively. These values are approximately 2.6 times those
for children 1-2 and 3-5 years old and 4 times the exposure of adults.

The estimated total fluoride exposures aggregated from all sources
are presented in Table 2-11. These values represent the sum of exposures
from Table 2-9 and 2-10, assuming fluoride supplements might be given to
infants and children up to 19 years old in low-fluoride tap-water scenarios
(0 and 0.5 mg/L). Table 2-11 shows that, when tap water contains fluoride,
nonnursing infants have the highest total exposure. They are 0.087, 0.144,
and 0.258 mg/kg/day in tap water at 1, 2, and 4 mg/L, respectively. At 4
mg/L, the total exposure for nonnursing infants is approximately twice the
exposure for children 1-2 and 3-5 years old and 3.4 times the exposure
for adults.

The relative source contributions to the total exposure in Table 2-11 for
scenarios with 1, 2, and 4 mg/L in tap water are illustrated in Figures 2-1,
2-2, and 2-3, respectively. Numerical values for the 1-, 2-, and 4-mg/L sce-
narios are given later in the summary tables (Tables 2-13, 2-14, and 2-15).
Under the assumptions for estimating the exposure, the contribution from
pesticides plus fluoride in the air is within 4% to 10% for all population
subgroups at 1 mg/L in tap water, 3-7% at 2 mg/L in tap water, and 1-5%
at 4 mg/L in tap water. The contributions from the remaining sources also
vary with different tap-water concentrations. For nonnursing infants, who
represent the highest total exposure group even without any exposure from
toothpaste, the contribution from drinking water is 83% for 1 mg/L in tap
water (Figure 2-1). As the tap-water concentration increases to 2 and 4
mg/L, the relative drinking-water contribution increases to 90% and 94 %,
respectively (Figures 2-2 and 2-3). The proportion of the contribution from
all sources also varies in children 1-2 and 3-5 years old. At 1 mg/L, the
drinking-water contribution is approximately 42 %, while the contributions
from toothpaste and background food are sizable, approximately 18% and
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TABLE 2-11 Total Estimated (Average) Chronic Inorganic Fluoride
Exposure (mg/kg/day) from All Sources, Assuming Nontap Water at a
Fixed Concentration”

Concentration in Tap Water (fixed nontap water at 0.5 mg/L)

With Fluoride

Population Supplement Without Fluoride Supplement

Subgroups Omg/L 0.5mg/L Omg/L 0.5mg/lL 1mg/lL 2mg/l 4 mg/L
All infants (<1 year) 0.061  0.083 0.025  0.047 0.070  0.117  0.209
Nursing? 0.049  0.057 0.013  0.021 0.030  0.046  0.079
Nonnursing 0.065  0.094 0.029  0.058 0.087  0.144  0.258

Children 1-2 years 0.062  0.074 0.043  0.055 0.066  0.090 0.137
Children 3-5 years 0.060  0.071 0.038  0.049 0.060  0.082  0.126
Children 6-12 years ~ 0.049  0.057 0.024  0.032 0.040  0.055 0.086
Youth 13-19 years 0.033  0.039 0.016  0.022 0.028  0.039  0.063
Adults 20-49 years 0.017  0.024 0.017  0.024 0.031 0.046  0.076
Adults 50+ years 0.015  0.023 0.015  0.023 0.031 0.047  0.079
Females 13-49 yearsc 0.016  0.024 0.016  0.024 0.031 0.046  0.075

9The estimated exposures from fluoride supplements and total nonwater sources (including
pesticides, background food, air, and toothpaste) are from Table 2-9. The estimated exposures
from drinking water are from Table 2-10. For nonfluoridated areas (tap water at 0 and 0.5
mg/L), the total exposures are calculated both with and without fluoride supplements.

bThe higher total nonwater exposure of 0.0086 mg/kg/day that includes breast milk from
a fluoridated area (footnote in Table 2-9) is used to calculate the exposure estimates for the
“without supplement” groups that are exposed to fluoride in water at 1, 2, and 4 mg/L.

“Women of childbearing age.

31%, respectively (Figure 2-1). At 2 mg/L, the drinking-water contribution
is raised to approximately 57%, while the contributions from toothpaste
and background food are reduced to 13% and 23%, respectively (Figure
2-2). At 4 mg/L, the relative contribution of drinking water continues to
increase to approximately 72%, while the contribution from toothpaste
and background food are further reduced to approximately 9% and 15%,
respectively (Figure 2-3). As age increases toward adulthood (20+ years),
the contribution from toothpaste is reduced to approximately 5% at 1 mg/
L, 3-4% at 2 mg/L, and 2% at 4 mg/L. Correspondingly, the contribution
from drinking water increases to approximately 57% at 1 mg/L, 70% at 2
mg/L, and 82% at 4 mg/L.

Data presented in Tables 2-9 to 2-11 are estimates of typical expo-
sures, while the actual exposure for an individual could be lower or higher.
There are inherent uncertainties in estimating chronic exposure based on
the 2-day CSFII surveys. The DEEM-FCID model assumes that the average

Copyright © National Academy of Sciences. All rights reserved.



Fluoride in Drinking Water: A Scientific Review of EPA's Standards
http://www.nap.edu/catalog/11571.html

60 FLUORIDE IN DRINKING WATER

100%

80% 7

60% 1

40%

% Contributior

20%

B R R R R R RN RN VA
N NN

596505005080 050 00, Ol
555000 NYY
RN
555005 50555555555%Y

)

(44
)
G0 S0 LN GG N N
IS e
A5G A5 AR50 S Y ER

U% T T = T ezl T T T = T = T

QGQ' QE

Ed Water B Toothpaste EI Background Food B Pesticides & A

FIGURE 2-1 Source contribution to total inorganic fluoride exposure,
including fluoride at 1 mg/L in tap water. The estimated chronic inorganic
fluoride exposures from the various routes are presented in Tables 2-9 and
2-10. No fluoride supplement is included for any population subgroup. The
total exposures as presented in Table 2-11 for the population subgroups are:
0.030 mg/kg/day (nursing infants), 0.087 mg/kg/day (non-nursing infants),
0.066 mg/kg/day (1-2 years old), 0.060 mg/kg/day (3-5 years old), 0.040
mg/kg/day (6-12 years old), 0.028 mg/kg/day (13-19 years old), and 0.031
mg/kg/day for adults (20 to 50+ years old) and women of childbearing age
(13-49 years old).

intake from the cross-sectional survey represents the longitudinal average
for a given population. Thus, the chronic exposures of those who have
persistently high intake rates, especially for food items that contain high
concentrations of fluoride (e.g., tea), are likely to be underestimated. For
example, at an average fluoride concentration of 3.3 mg/L for brewed tea
and 0.86 mg/L for iced tea (USDA 2004), the tea component in the back-
ground food presented in Table 2-9 represents an average daily consumption
of one-half cup of brewed tea or 2 cups of iced tea. A habitual tea drinker,
especially for brewed tea, can be expected to significantly exceed these con-
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FIGURE 2-2 Source contribution to total inorganic fluoride exposure,
including fluoride at 2 mg/L fluoride in tap water. The estimated chronic
inorganic fluoride exposures from the various routes are presented in
Tables 2-9 and 2-10. No fluoride supplement is included for any population
subgroup. The total exposures as presented in Table 2-11 for the population
subgroups are: 0.046 mg/kg/day (nursing infants), 0.144 mg/kg/day (non-
nursing infants), 0.090 mg/kg/day (1-2 years old), 0.082 mg/kg/day (3-5 years
old), 0.055 mg/kg/day (6-12 years old), 0.039 mg/kg/day (13-19 years old),
and 0.046-0.047 mg/kg/day for adults (20-50+ years old) and women of
childbearing age (13-49 years old).

sumption rates. Other groups of people who are expected to have exposures
higher than those calculated here include infants given fluoride toothpaste
before age 1, anyone who uses toothpaste more than twice per day or who
swallows excessive amounts of toothpaste, children inappropriately given
fluoride supplements in a fluoridated area, children in an area with high
fluoride concentrations in soil, and children with pica who consume large
amounts of soil.

The exposure estimates presented in this chapter for non-drinking-water
routes are based on the potential profile of fluoride residue concentrations
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FIGURE 2-3 Source contribution to total inorganic fluoride exposure,
including fluoride at 4 mg/L in tap water. The estimated chronic inorganic
fluoride exposures from the various routes are presented in Tables 2-9 and
2-10. No fluoride supplement is included for any population subgroup. The
total exposures as presented in Table 2-11 for the population subgroups are:
0.079 mg/kg/day (nursing infants), 0.258 mg/kg/day (nonnursing infants),
0.137 mg/kg/day (1-2 years old), 0.126 mg/kg/day (3-5 years old), 0.086
mg/kg/day (6-12 years old), 0.063 mg/kg/day (13-19 years old), 0.075-0.079
mg/kg/day for adults (20-50+ years old) and women of childbearing age
(13-49 years old).

in the current exposure media. They likely do not reflect the concentration
of past exposure scenarios, particularly for routes that show changes in time
(e.g., pesticide use practices). Any new and significant source of fluoride
exposure, such as commodities approved for sulfuryl fluoride fumigation
application beyond April 20035, is expected to alter the percentage of drink-
ing water contribution as presented in this chapter.

Different assumptions for the drinking-water concentration alone also
can result in slightly different estimates. For example, values in Table 2-11
are derived from assuming that the nontap water has a fixed fluoride con-
centration of 0.5 mg/L, while tap-water concentration varies up to 4 mg/L.
Table 2-12 provides alternative calculations of total exposure by assuming
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TABLE 2-12 Total Estimated (Average) Chronic Inorganic Fluoride
Exposure (mg/kg/day) from All Sources, Assuming the Same Specified
Fluoride Concentration for Both Tap and Nontap Waters?

Concentration in All Water

1 mg/L 2 mg/L 4 mg/L 1 mg/L 2 mg/L 4 mg/L

Population Subgroups Modeled water intake? EPA default water intake®
All infants (<1 year) 0.082 0.151 0.289 0.113 0.213 0.413
Nursing 0.034 0.060 0.111 0.109 0.209 0.409
Nonnursing 0.100 0.186 0.357 0.115 0.215 0.415
Children 1-2 years 0.070 0.102 0.164 0.139 0.239 0.439
Children 3-5 years 0.063 0.093 0.151 NA NA NA
Children 6-12 years 0.042 0.062 0.103 NA NA NA
Youth 13-19 years 0.030 0.045 0.075 NA NA NA
Adults 20-49 years 0.034 0.053 0.093 0.043 0.071 0.128
Adults 50+ years 0.034 0.054 0.096 0.042 0.070 0.127

Females 13-49 years? 0.033 0.053 0.092 0.042 0.071 0.128

9The estimated exposures from nonwater sources (including pesticides, background food,
air, and toothpaste) are from Table 2-9. No fluoride supplement is included in the total fluoride
exposure estimates.

bThe component of drinking-water exposure is estimated from DEEM-FCID.

“The EPA default daily water intake rate is 1 L for a 10-kg child and 2 L for a 70-kg adult.
NA: not applicable based on EPA’s default body weight.

4Women of childbearing age.

that all sources of drinking water (both tap and nontap water) contain the
same specified fluoride concentration. Within this assumption, the drinking-
water component can be estimated from either the DEEM-FCID model or
the default drinking-water intake rate currently used by EPA for establishing
the MCL (1 L/day for a 10-kg child and 2 L/day for a 70-kg adult).

Some uncertainties exist regarding the extent the FCID database may
include all processed waters (e.g., soft drinks and soups). Thus, the exposure
using EPA’s defaults as presented in Table 2-12 can serve as a bounding
estimate from the water contribution. The difference in the total fluoride
exposure calculated from the two water intake methods (i.e., EPA defaults
versus FCID modeled) varies with different population subgroups shown
in Table 2-12. In general, as the drinking-water contribution to the total
exposure becomes more prominent at higher drinking-water concentration,
the differences in total exposure approach the differences in drinking-water
intake rates of the two methods. Using EPA’s default adult water intake
rate of 28.6 mL/kg/day (based on 2 L/day for a 70 kg adult) results in ap-
proximately 32-39% higher total exposure than the model estimates. This
approximates the 38-45% lower model estimate of total water intake rate

Copyright © National Academy of Sciences. All rights reserved.



Fluoride in Drinking Water: A Scientific Review of EPA's Standards
http://www.nap.edu/catalog/11571.html

64 FLUORIDE IN DRINKING WATER

(i.e., 19.7 mL/kg/day for 20-49 year olds, 20.7 mL/kg/day for 50+ year olds).
Using EPA’s default water intake rate for a child results in approximately
16% higher total exposure than the model estimates for nonnursing infants
at 4 mg/L drinking water. This reflects closely the difference in the total wa-
ter intake between the default 100 mL/kg/day (based on 1 L/day for a 10 kg
child) and the DEEM-FCID estimate of 85.5 mL/kg/day for this population
group. Similarly, for nursing infants, the 3.7-fold higher total exposure at 4
mg/L from using the EPA’s default of 100 mL/kg/day also reflects their sig-
nificantly lower model estimate of total water intake (i.e., 25.6 mL/kg/day).
Two additional simple conceptual observations can be made to relate data
presented in Table 2-12 to those in Tables 2-9 and 2-11. By using a fixed
rate of water intake for infants and children 1-2 years old, the difference in
their total exposure is due to the contribution from all nonwater sources as
presented in Table 2-9. The difference between model estimates presented in
Table 2-11 (last 3 columns) by varying concentrations for tap water alone
(with fixed nontap water at 0.5 mg/L) and estimates using one fluoride con-
centration for both tap and nontap waters in Table 2-12 (first 3 columns)
reflects the contribution from the nontap-water component.

The fluoride exposure estimates presented thus far, regardless of the
various assumptions (e.g., the same versus different fluoride concentra-
tions in tap and nontap water) and different water intake rates (e.g., EPA
default versus estimates from FCID database of the CSFII surveys), do not
include those who have sustained high water intake rates as noted previously
(athletes, workers, and individuals with diabetes mellitus or nephrogenic dia-
betes insipidus (see Table 2-4). The high-end exposures for these high-water-
consumption population subgroups are included in the summaries below.

SUMMARY OF EXPOSURE ASSESSMENT

The estimated aggregated total fluoride exposures from pesticides,
background food, air, toothpaste, and drinking water are summarized for
drinking water fluoride concentrations of 1 mg/L (Table 2-13), 2 mg/L
(Table 2-14), and 4 mg/L (Table 2-15). Two sets of exposures are presented
using different approaches to estimate the exposure from drinking water.
One is estimated by modeling water intakes based on FCID data and as-
suming a fixed nontap water concentration of 0.5 mg/L. The other is esti-
mated using EPA default drinking-water intake rates (i.e., 1 L/day for a 10
kg child, 2 L/day for a 70 kg adult) and assuming the same concentration
for tap and nontap waters. Both sets of estimates include the same fluoride
exposure from nonwater sources. The total exposure from the latter ap-
proach is higher than the model estimates due to the higher default drinking
water intake rates and the assumption that nontap waters contain the same
concentration of fluoride residue as the tap water.
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TABLE 2-13 Contributions to Total Fluoride Chronic Exposure at
1 mg/L in Drinking Water

Total % Contribution to Total Exposure

Exposure, Pesticides ~ Background = Tooth-  Drinking
Population Subgroups mg/kg/day  and Air Food paste Water
Modeled average water consumer
(Tap water at 1 mg/L, nontap water at 0.5 mg/L; Table 2-11)
All infants (<1 year) 0.070 4.7 13.6 0 81.7
Nursing 0.030 8.9 15.6 0 70.8
Nonnursing 0.087 4.3 13.2 0 82.5
Children 1-2 years 0.066 9.7 31.7 17.4 41.3
Children 3-5 years 0.060 7.4 30.4 19.1 43.1
Children 6-12 years 0.040 54 30.9 18.9 44.8
Youth 13-19 years 0.028 4.9 34.8 12.0 48.3
Adults 20-49 years 0.031 4.0 36.3 4.6 551
Adults 50+ years 0.031 4.4 32.4 4.6 58.7
Females 13-49 years? 0.031 4.4 34.7 53 55.6
EPA default water intake, all water at 1 mg/L
(1 L/day for 10-kg child; 2 L/day for 70-kg adult; Table 2-12)
All infants (<1 year) 0.113 2.9 8.5 0 88.6
Nursing 0.109 2.4 4.3 0 92.0
Nonnursing 0.115 3.2 9.9 0 86.9
Children 1-2 years 0.139 4.6 15.1 8.3 72.0
Adults 20-49 years 0.043 3.0 26.7 3.3 67.0
High end of high water intake individuals all water at 1 mg/L
(based on intake rates in Table 2-4)
Athletes and workers 0.084 1.5 13.5 1.7 83.3
DM patients (3-5 years) 0.134 3.3 13.5 8.5 74.7
DM patients (adults) 0.084 1.5 13.5 1.7 83.3
NDI patients (3-5 years) 0.184 2.4 9.9 6.2 81.6
NDI patients (adults) 0.164 0.8 6.9 0.9 91.4

“Women of childbearing age.

ABBREVIATIONS: DM, diabetes mellitus; NDI, nephrogenic diabetes insipidus.

Although each of these exposure estimates have areas of uncertainty,
the average total daily fluoride exposure is expected to fall between them.
For the modeling estimates, there are inherent uncertainties in modeling
long-term intake rates based on the cross-sectional CSFII dietary survey
data. Thus, the exposure from any dietary component, water or other
foods, could be underestimated for individuals who have habitually higher
intake rates (e.g., water, tea). Specific to the water component, there are
also uncertainties regarding the extent the FCID database may include all
processed waters (e.g., soft drinks and soups). On the other hand, the EPA
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TABLE 2-14 Contributions to Total Fluoride Chronic Exposure at
2 mg/L in Drinking Water

% Contribution to Total Exposure

Total Exposure, Pesticides Background Tooth-  Drinking
Population Subgroups mg/kg/day and Air Food paste Water

Modeled average water consumer
(Tap water at 2 mg/L, nontap water at 0.5 mg/L; Table 2-11)

All infants (<1 year) 0.117 2.8 8.2 0 89.0
Nursing 0.046 5.8 10.1 0 81.0
Nonnursing 0.144 2.6 7.9 0 89.5
Children 1-2 years 0.090 7.1 23.3 12.8 56.7
Children 3-5 years 0.082 5.4 22.1 13.9 58.6
Children 6-12 years 0.055 3.9 22.4 13.7 60.1
Youth 13-19 years 0.039 3.5 24.5 8.5 63.5
Adults 20-49 years 0.046 2.8 24.7 3.1 69.4
Adults 50+ years 0.047 2.9 21.7 3.0 72.4
Females 13-49 years? 0.046 3.0 23.4 3.6 70.1

EPA default water intake, all water at 1 mg/L
(2 L/day for 10-kg child; 2 L/day for 70-kg adult; Table 2-12)

All infants (<1 year) 0.213 1.6 4.5 0 93.9
Nursing 0.209 1.3 2.2 0 95.8
Nonnursing 0.215 1.7 5.3 0 93.0
Children 1-2 years 0.239 2.7 8.8 4.8 83.7
Adults 20-49 years 0.071 1.8 16.0 2.0 80.2
High end of high water intake individuals all water at 2 mg/L

(based on intake rates in Table 2-4)

Athletes and workers 0.154 0.8 7.4 0.9 90.9
DM patients (3-5 years)  0.234 1.9 7.7 4.9 85.5
DM patients (adults) 0.154 0.8 7.4 0.9 90.9
NDI patients (3-S5 years) 0.334 1.3 5.4 3.4 89.9
NDI patients (adults) 0.314 0.4 3.6 0.5 95.5

“Women of childbearing age.

ABBREVIATIONS: DM, diabetes mellitus; NDI, nephrogenic diabetes insipidus.

default water intake rate is likely higher than the average rate for certain
population subgroups (e.g., nursing infants).

The estimates presented in Tables 2-13, 2-14, and 2-15 show that on a
per body weight basis, the exposures are generally higher for young children
than for the adults. By assuming that the nontap water concentration is fixed
at 0.5 mg/L, nonnursing infants have the highest model-estimated average
total daily fluoride exposure: 0.087, 0.144, and 0.258 mg/kg/day when tap-
water concentrations of fluoride are 1, 2, and 4 mg/L, respectively (Table
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TABLE 2-15 Contributions to Total Fluoride Chronic Exposure at
4 mg/L in Drinking Water
% Contribution to Total Exposure

Total Exposure, Pesticides Background Tooth- Drinking
Population Subgroups mg/kg/day and Air Food paste Water
Modeled average water consumer
(Tap water at 4 mg/L, nontap water at 0.5 mg/L; Table 2-11)
All infants (<1 year) 0.209 1.6 4.6 0 93.9
Nursing 0.079 3.3 5.9 0 89.0
Nonnursing 0.258 1.4 4.4 0 94.1
Children 1-2 years 0.137 4.7 15.3 8.4 71.6
Children 3-5 years 0.126 3.5 14.4 9.0 73.1
Children 6-12 years 0.086 2.5 14.3 8.7 74.5
Youth 13-19 years 0.063 2.2 15.4 5.3 77.1
Adults 20-49 years 0.076 1.7 15.0 1.9 81.5
Adults 50+ years 0.079 1.7 12.8 1.8 83.7
Females 13-49 years? 0.075 1.8 14.3 2.2 81.7
EPA default water intake all water at 4 mg/L
(1 L/day for 10-kg child; 2 L/day for 70-kg adult; Table 2-12)
All infants (<1 year) 0.413 0.8 2.3 0 96.9
Nursing 0.409 0.6 1.1 0 97.9
Nonnursing 0.415 0.9 2.8 0 96.4
Children 1-2 years 0.439 1.5 4.8 2.6 91.1
Adults 20-49 years 0.128 1.0 8.9 1.1 89.0
High end of high water intake individuals, all water at 4 mg/L
(based on intake rates in Table 2-4)
Athletes and workers 0.294 0.4 3.9 0.5 95.2
DM patients (3-5 years)  0.434 1.0 4.2 2.6 92.2
DM patients (adults) 0.294 0.4 3.9 0.5 95.2
NDI patients (3-S5 years) 0.634 0.7 2.9 1.8 94.7
NDI patients (adults) 0.614 0.2 1.9 0.2 97.7

“Women of childbearing age.

ABBREVIATIONS: DM, diabetes mellitus; NDI, nephrogenic diabetes insipidus

2-11, and Tables 2-13, 2-14, and 2-15). The major contributing factor is
their much higher model-estimated drinking-water exposure than other age
groups (Table 2-10). The total exposures of nonnursing infants are approxi-
mately 2.8-3.4 times that of adults. By holding the exposure from drinking
water at a constant with the EPA default water intake rates, children 1-2
years old have slightly higher total exposure than the nonnursing infants,
reflecting the higher exposure from nonwater sources (Table 2-9). The esti-
mated total fluoride exposures for children 1-2 years old are 0.139, 0.239,

Copyright © National Academy of Sciences. All rights reserved.



Fluoride in Drinking Water: A Scientific Review of EPA's Standards
http://www.nap.edu/catalog/11571.html

68 FLUORIDE IN DRINKING WATER

and 0.439 mg/kg/day for 1, 2, and 4 mg/L of fluoride in drinking water,
respectively (Tables 2-13, 2-14, 2-15). These exposures are approximately
3.4 times that of adults. The estimated total exposure for children 1-2 years
old and adults at 4 mg/L fluoride in drinking water is approximately two
times the exposure at 2 mg/L and three times the exposure at 1 mg/L.

The estimated total daily fluoride exposures for three population sub-
groups with significantly high water intake rates are included in Tables 2-13,
2-14, and 2-15. The matching age groups for data presented in Table 2-4
are: adults > 20 years old for the athletes and workers, and both children
3-5 years old (default body weight of 22 kg) and adults for individuals
with diabetes mellitus and nephrogenic diabetes insipidus. In estimating the
total exposure, the high-end water intake rates from Table 2-4 are used to
calculate the exposure from drinking water. The total exposures for adult
athletes and workers are 0.084, 0.154, and 0.294 mg/kg/day at 1, 2, and 4
mg/L of fluoride in water, respectively. These doses are approximately two
times those of the adults with a default water intake rate of 2 L/day. For
individuals with nephrogenic diabetes insipidus, the respective total fluoride
exposures for children (3-5 years old) and adults are 0.184 and 0.164 mg/kg/
day at 1 mg/L, 0.334 and 0.314 mg/kg/day at 2 mg/L, and 0.634 and 0.614
mg/kg/day at 4 mg/L. Compared to the exposure of children 1-2 years old,
who have the highest total exposure among all age groups of the general
population (i.e., 0.139-0.439 mg/kg/day at 1-4 mg/L, assuming EPA’s 100
mL/kg/day default water intake rate for children), the highest estimated
total exposure among these high water intake individuals (i.e., 0.184-0.634
mg/kg/day for children 3-5 years old with nephrogenic diabetes insipidus,
assuming 150 mL/kg/day high-end water intake rate) are 32-44% higher.

The relative contributions from each source of exposure are also
presented in Tables 2-13, 2-14, and 2-15. For an average individual, the
model-estimated drinking-water contribution to the total fluoride exposure
is 41-83% at 1 mg/L in tap water, 57-90% at 2 mg/L, and 72-94% at 4mg/L
in tap water (see also Figures 2-1, 2-2, and 2-3). Assuming that all drinking-
water sources (tap and nontap) contain the same fluoride concentration
and using the EPA default drinking-water intake rates, the drinking-water
contribution is 67-92% at 1 mg/L, 80-96% at 2 mg/L, and 89-98% at
4 mg/L. The drinking-water contributions for the high water intake indi-
viduals among adult athletes and workers, and individuals with diabetes
mellitus and nephrogenic diabetes insipidus, are 75-91% at 1 mg/L, 86-96%
at 2 mg/L, and 92-98% at 4 mg/L.

As noted earlier, these estimates were based on the information that was
available to the committee as of April 2005. Any new and significant sources
of fluoride exposure are expected to alter the percentage of drinking-water
contribution as presented in this chapter. However, water will still be the
most significant source of exposure.
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BIOMARKERS OF EXPOSURE, EFFECT, AND SUSCEPTIBILITY

Biological markers, or biomarkers, are broadly defined as indicators of
variation in cellular or biochemical components or processes, structure, or
function that are measurable in biological systems or samples (NRC 1989a).
Biomarkers often are categorized by whether they indicate exposure to an
agent, an effect of exposure, or susceptibility to the effects of exposure (NRC
1989a). Vine (1994) described categories of biological markers in terms of
internal dose, biologically effective dose, early response, and disease, plus
susceptibility factors that modify the effects of the exposure. Factors that
must be considered in selecting a biomarker for a given study include the
objectives of the study, the availability and specificity of potential markers,
the feasibility of measuring the markers (including the invasiveness of the
necessary techniques and the amount of biological specimen needed), the
time to appearance and the persistence of the markers in biological media,
the variability of marker concentrations within and between individuals,
and aspects (e.g., cost, sensitivity, reliability) related to storage and analysis
of the samples (Vine 1994). ATSDR (2003) recently reviewed biomarkers
of exposure and effect for fluoride.

Biomarkers of exposure to fluoride consist of measured fluoride con-
centrations in biological tissues or fluids that can be used as indices of an
individual’s exposure to fluoride. For fluoride, concentrations in a number
of tissues and fluids, including teeth, bones, nails, hair, urine, blood or
plasma, saliva, and breast milk, have been used to estimate exposures (Vine
1994; Whitford et al. 1994; ATSDR 2003). Table 2-16 gives examples of
measurements in humans together with the associated estimates of exposure.
The Centers for Disease Control and Prevention (CDC 2003, 2005) has
measured a number of chemicals in blood or urine of members of the U.S.
population, but thus far fluoride has not been included in their survey.

Fluoride concentrations in bodily fluids (e.g., urine, plasma, serum,
saliva) are probably most suitable for evaluating recent or current fluoride
exposures or fluoride balance (intake minus excretion), although some
sources indicate that samples obtained from fasting persons may be useful
for estimating chronic fluoride intake or bone fluoride concentrations (e.g.,
Ericsson et al. 1973; Waterhouse et al. 1980). Examples of the association
between estimated fluoride intakes (or mass-normalized intakes) and mea-
sured fluoride concentrations in urine, plasma, and serum for individuals
and groups are shown in Figures 2-4, 2-5, 2-6, and 2-7. Note that in most
cases, the variation in fluoride intake is not sufficient to explain the varia-
tion in the measured fluoride concentrations. A number of parameters affect
individual fluoride uptake, retention, and excretion (Chapter 3) (Whitford
1996). In addition, a significant decrease in fluoride exposure might not be
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TABLE 2-16 Summary of Selected Biomarkers for Fluoride Exposure in

Humans

Number Fluoride
Fluoride Exposure of Persons  Concentration Reference
Urine
1.2-2.2 mg/day 5 0.8-1.2 mg/day Teotia et al. 1978
2.5-3.8 mg/day” 2 1.2-2.2 mg/day (Figure 2-4)
8.7-9.2 mg/day 3 3.2-5.8 mg/day
21.0-28.0 mg/day 2 10.0-11.0 mg/day
48.0-52.0 mg/day 2 15.0-18.5 mg/day
1.0 mg/L in drinking water 17 1.5 (0.2) mg/L Bachinskii et al. 1985
1.9 (0.3) mg/day (Figure 2-6)
2.3 mg/L in drinking water 30 2.4 (0.2) mg/L
2.7 (0.2) mg/day
0.09 (range, 0.06-0.11) mg/L in 45 0.15 (0.07) mg/Lb Schamschula et al.
drinking water 1985 (Figure 2-6)
0.82 (range, 0.5-1.1) mg/L in 53 0.62 (0.26) mg/L?
drinking water
1.91 (range, 1.6-3.1) mg/L in 41 1.24 (0.52) mg/Lb
drinking water
0.32 mg/L in drinking water 100 0.77 (0.49) mg/Lb Czarnowski et al.
1999
1.69 mg/L in drinking water 111 1.93 (0.82) mg/Lb (Figure 2-6)
2.74 mg/L in drinking water 89 2.89 (1.39) mg/L?
About 3 mg/day 1 2.30-2.87 mg/day Whitford et al. 1999a
About 6 mg/day 1 4.40-5.13 mg/day
7.35 (1.72) mg/day? 50 9.45 (4.11) mg/Lb Gupta et al. 2001
11.97 (1.8) mg/day® 50 15.9 (9.98) mg/Lb  (Figure 2-7)
14.45 (3.19) mg/day” 50 17.78 (7.77) mg/L?
32.56 (9.33) mg/day 50 14.56 (7.88) mg/Le
0.93 (0.39) mg/day? [0.053 11 0.91 (0.45) mg/Lb Haftenberger et al.
(0.021) mg/kg/day”] 2001 (Figure 2-5)
1.190 (0.772) mg/day from all 20 0.481 (0.241) Pessan et al. 2005
sources? mg/day?
Plasma
1.2-2.2 mg/day 5 0.020-0.038 mg/L Teotia et al. 1978
2.5-3.8 mg/day 2 0.036-0.12 mg/L (Figure 2-4)
8.7-9.2 mg/day 3 0.15-0.18 mg/L
21.0-28.0 mg/day 2 0.11-0.17 mg/L
48.0-52.0 mg/day 2 0.14-0.26 mg/L
Serum
1.0 mg/L in drinking water 17 0.21 (0.01) mg/L Bachinskii et al. 1985
2.3 mg/L in drinking water 30 0.25 (0.01) mg/L (Figure 2-6)
7.35 (1.72) mg/day? 50 0.79 (0.21) mg/Lt Gupta et al. 2001
11.97 (1.8) mg/day® 50 1.10 (0.58) mg/Lb  (Figure 2-7)
14.45 (3.19) mg/day® 50 1.10 (0.17) mg/Lb
32.56 (9.33) mg/day® 50 1.07 (0.17) mg/Lb
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TABLE 2-16 Continued

Number Fluoride
Fluoride Exposure of Persons  Concentration Reference
0.3 mg/L in drinking water: Hossny et al. 2003
Breastfed infants 48 0.0042 (0.0027)
mg/LP
All infants (4 weeks-2 years) 97 0.0051 (0.0030)
mg/LP
Preschoolers (2-6 years) 100 0.011 (0.0049)
mg/L?
Primary schoolers (6-12 years) 929 0.010 (0.0042)
mg/L?
Saliva
0.09 (range, 0.06-0.11) mg/L in 45 6.25 (2.44) pg/LP Schamschula et al.
drinking water 1985
0.82 (range, 0.5-1.1) mg/L in 53 11.23 (4.29) pg/L?
drinking water
1.91 (range, 1.6-3.1) mg/L in 41 15.87 (6.01) pg/L?
drinking water
0.1 mg/L in drinking water 27 1.9-55.1 pg/L Oliveby et al. 1990
1.2 mg/L in drinking water 27 1.9-144 pg/L Oliveby et al. 1990
Plaque
0.09 (range, 0.06-0.11) mg/L in 45 5.04 (4.60) ppm? Schamschula et al.
drinking water 1985
0.82 (range, 0.5-1.1) mg/L in 53 8.47 (9.69) ppm®
drinking water
1.91 (range, 1.6-3.1) mg/L in 41 19.6 (19.3) ppm?
drinking water
Hair
0.09 (range, 0.06-0.11) mg/L in 45 0.18 (0.07) pg/g” Schamschula et al.
drinking water 1985
0.82 (range, 0.5-1.1) mg/L in 53 0.23 (0.11) pg/gb
drinking water
1.91 (range, 1.6-3.1) mg/L in 41 0.40 (0.25) pg/g?
drinking water
0.27 mg/L in drinking water 59 1.35 (0.95) ng/g’ Hac et al. 1997
and 2.8 pg/m? in air
0.32 mg/L in drinking water 53 4.13 (2.24) pg/gb Czarnowski et al.
1999
1.69 mg/L in drinking water 111 10.25 (6.63) pgl/g’
2.74 mg/L in drinking water 84 14.51 (6.29) pglgt
Breast milk
0.2 mg/L in drinking water 47 0.0053 mg/L Spak et al. 1983
(colostrum)

continued
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TABLE 2-16 Continued

Number Fluoride
Fluoride Exposure of Persons  Concentration Reference
1.0 mg/L in drinking water 79 0.0068 mg/L
(colostrum)
1.0 mg/L in drinking water 17 0.007 mg/L (mature
milk)
Nonfluoridated community 32 0.0044 mg/L Dabeka et al. 1986
1 mg/L in drinking water 112 0.0098 mg/L
22.1 mg/day (mean) 27 0.011-0.073 mg/L Opinya et al. 1991
0.3 mg/L in drinking water 60 0.0046 (0.0025) Hossny et al. 2003
mg/L?
Fingernails
0.09 (range, 0.06-0.11) mg/L in 45 0.79 (0.26) ppm? Schamschula et al.
drinking water 1985
0.82 (range, 0.5-1.1) mg/L in 53 1.31 (0.49) ppm?
drinking water
1.91 (range, 1.6-3.1) mg/L in 41 2.31 (1.14) ppm?
drinking water
About 3 mg/day 1 1.94-3.05 mg/kg Whitford et al. 1999a
About 6 mg/day (after 3.5 1 4.52-5.38 mg/kg
months)
0.1 mg/L in drinking water 10 0.75-3.53 mg/kg
1.6 mg/L in drinking water 6 2.28-7.53 mgl/kg
2.3 mg/L in drinking water 9 4.00-13.18 mg/kg
0.7-1.0 mg/L in drinking water, 10 2.3-7.3 mg/kg Corréa Rodrigues et
without fluoride dentifrice al. 2004
0.7-1.0 mg/L in drinking water, 10 10.1 mg/kg (peak)
with fluoride dentifrice (after
4 months)
0.004 = 0.003 mg/kg/day 15 0.42-6.11 pg/g Levy et al. 2004
0.029 = 0.029 mg/kg/day 15 0.87-7.06 nglg
Toenails
0.09 mg/L in drinking water 4.2 ppm Feskanich et al. 1998
1.0 mg/L in drinking water 6.4 ppm
3 mg/day 1 1.41-1.60 mg/kg Whitford et al. 1999a
0.7-1.0 mg/L in drinking water, 10 2.5-5.6 mg/kg Corréa Rodrigues et
without fluoride dentifrice al. 2004
0.7-1.0 mg/L in drinking water, 10 9.2 mg/kg (peak)
with fluoride dentifrice (after
4 months)
0.004 = 0.003 mg/kg/day 15 0.08-3.89 ng/g Levy et al. 2004
0.029 = 0.029 mg/kg/day 15 0.81-6.38 pgl/g
Teeth
Normal NA 190-300 ppm (total Roholm 1937

ash)
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TABLE 2-16 Continued

Number Fluoride
Fluoride Exposure of Persons  Concentration Reference
Cryolite workers 5 1,100-5,300 ppm
(total ash)
Enamel (0.44-0.48 um depth)
0.09 (range, 0.06-0.11) mg/L in 4§ 1,549 (728) ppm?® Schamschula et al.
drinking water 1985
0.82 (range, 0.5-1.1) mg/L in 53 2,511 (1,044) ppm?®
drinking water
1.91 (range, 1.6-3.1) mg/L in 41 3,792 (1,362) ppm?
drinking water
Enamel (2.44-2.55 um depth)
0.09 (range, 0.06-0.11) mg/L in 45 641 (336) ppm? Schamschula et al.
drinking water 1985
0.82 (range, 0.5-1.1) mg/L in 53 1,435 (502) ppm?
drinking water
1.91 (range, 1.6-3.1) mg/L in 41 2,107 (741) ppm?
drinking water
Enamel
0.7 or 1.0 mg/L in drinking 30 0-192 pglg Vieira et al. 2005
water
Dentin
0.7 or 1.0 mg/L in drinking 30 59-374 pglg Vieira et al. 2005
water
Bones
Normal NA 480-2,100 ppm in Roholm 1937
bone ash (ribs)
Cryolite workers 2 9,900 and 11,200
ppm in bone ash
(ribs)
ranges (ppm in
bone ash, various
bone types,
3,100-9,900 and
8,100-13,100 in
the 2 individuals
0.1-0.4 mg/L in drinking water ~ 33 326-2,390 ppm in Zipkin et al. 1958
bone ash®
1.0 mg/L in drinking water S 1,610-4,920 ppm in
bone ash?
2.6 mg/L in drinking water 27 1,560-10,800 ppm
in bone ash®
4.0 mg/L in drinking water 4 4,780-11,000 ppm

in bone ash/

continued
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TABLE 2-16 Continued

Number Fluoride

Fluoride Exposure of Persons  Concentration Reference

< 0.2 mg/L in drinking water 8 1,379 (179) ppm in  Eble et al. 1992
since infancy bone ashs

1 mg/L in drinking water at 9 1,775 (313) ppm in
least 23 years or since infancy bone ash$

0.27 mg/L in drinking water 59 625.7 (346.5) Hac et al. 1997
and 2.8 pg/m? in air ppm?”

0.7 or 1.0 mg/L in drinking 30 0-396 ppm’ Vieira et al. 2005
water

aPrevious exposure of 30-38 mg/day, 2-5 years before study.

bMean and standard deviation.

‘Reported as 0.019-0.119% in bone, with ash content of 43.2-68.4%.

dReported as 0.100-0.238% in bone, with ash content of 45.9-62.2%.

“Reported as 0.092-0.548% in bone, with ash content of 32.7-66.7%.

Reported as 0.261-0.564% in bone, with ash content of 44.3-62.8%.

&Mean and standard error of the mean.

hReported as pg fluoride per gram bone; appears to be dry weight of bone, not bone ash.

‘Measured by Instrumental Neutron Activation Analysis; appears to be wet weight of
bone.

ABBREVIATION: NA, not available.

reflected immediately in urine or plasma, presumably because of remobiliza-
tion of fluoride from resorbed bone.'*

Concentrations of salivary fluoride (as excreted by the glands) are typi-
cally about two-thirds of the plasma fluoride concentration and independent
of the salivary flow rate (Rolla and Ekstrand 1996); fluoride in the mouth
from dietary intake or dentifrices also affects the concentrations measured
in whole saliva. Significantly higher concentrations of fluoride were found
in whole saliva and plaque following use of a fluoridated dentifrice versus
a nonfluoridated dentifrice by children residing in an area with low fluoride
(<0.1 mg/L) in drinking water. Concentrations were 15 times higher in
whole saliva and 3 times higher in plaque, on average, 1 hour after use of the
dentifrice (Whitford et al. 2005). Whitford et al. (1999b) found that whole-
saliva fluoride concentrations in 5- to 10-year-old children were not signifi-

4For example, following defluoridation of a town’s water supply from 8 mg/L to around 1.3
mg/L (mean daily fluoride content over 113 weeks), urinary fluoride concentrations in males
fell from means of 6.5 (children) and 7.7 (adults) mg/L before defluoridation to 4.9 and 5.1
mg/L, respectively, after 1 week, 3.5 and 3.4 mg/L, respectively, after 39 weeks, and 2.2 and
2.5 mg/L, respectively, after 113 weeks (Likins et al. 1956). An estimate of current fluoride
intake (as opposed to fluoride balance) from a urine sample during this period would probably
have been an overestimate.
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FIGURE 2-4 Urinary fluoride excretion (left) and fasting plasma fluoride
concentration (right) as functions of current daily fluoride intake for individual
adults (nine males, five females) aged 18-58 years. Data from Teotia et al.
1978.

cantly related to those in either plasma or parotid ductal saliva. However,
fluoride concentrations in parotid ductal saliva were strongly correlated
to the plasma fluoride concentrations (r = 0.916), with a saliva-to-plasma
fluoride concentration ratio of 0.80 (SE = 0.03, range from 0.61 to 1.07).
For three-quarters of the study population (13 of 17), the fluoride concen-
tration in parotid ductal saliva could be used to estimate plasma fluoride
concentrations within 20% or less, and the largest difference was 32%.

Measured fluoride concentrations in human breast milk have been
correlated with the mother’s fluoride intake in some studies (Dabeka et al.
1986) and not well correlated in other studies (Spak et al. 1983; Opinya
et al. 1991). In general, measurements of fluoride in breast milk would be
of limited use in exposure estimation because of the very low concentrations
even in cases of high fluoride intake, lack of a consistent correlation with
the mother’s fluoride intake, and limitation of use to those members of a
population who are lactating at the time of sampling.

Schamschula et al. (1985) found increasing concentrations of fluoride
in urine, nails, hair, and saliva with increasing water fluoride concentra-
tion in a sample of Hungarian children, but fluoride contents were not
directly proportional to the water fluoride content. Although means were
significantly different between groups, there was sufficient variability among
individuals within groups that individual values between groups overlapped.
Feskanich et al. (1998) used toenail fluoride as an indicator of long-term
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FIGURE 2-5 Urinary fluoride excretion (left) and concentration (right) as
functions of current daily fluoride intake (top) or body-weight normalized
intake (bottom) for individual children (six boys, five girls) aged 3-6 years.
Data from Haftenberger et al. 2001.

fluoride intake and considered it to be a better long-term marker than
plasma concentrations.

Whitford et al. (1999a) found a direct relationship between fluoride
concentrations in drinking water and fluoride concentrations in fingernail
clippings from 6- to 7-year-old children with no known fluoride exposure
other than from drinking water. In nail samples from one adult, Whitford
et al. (1999a) also found that an increase in fluoride intake was reflected in
fingernail fluoride concentrations approximately 3.5 months later and that
toenails had significantly lower fluoride concentrations than fingernails.
Levy et al. (2004) also found higher fluoride concentrations in fingernails
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FIGURE 2-6 Urinary (left) and serum (right) fluoride concentrations as
functions of fluoride concentration in drinking water. Dark symbols indicate
means of groups; vertical lines indicate 1 standard deviation from the
mean. Data from Bachinskii et al. (19835; circles), Schamschula et al. (1985;
diamonds), and Czarnowski et al. (1999; triangles). Data from Bachinskii et
al. represent 47 adults (ages 19-59); data from Schamschula et al. represent
children aged 14 years; and data from Czarnowski et al. represent adults
(ages 24-77, mean age 50).

Urinary fluoride Serum fluoride
30 ‘ ‘ ‘ 1.8 ‘ ‘ ‘
1 1.6 1 ]
25 TT71 ]
- 1 14l ]
E -
S i
E 20; 1 £ 1.2[ 1
[T L[] e r'y
- ]
= ’ 4 E 1.0 1
g 15; s 1 3
= ] Q
=] 1 @ o0.8f ]
100 1 ]
1 0.6 ]
5 L I I I L ] 0.4 L L L I I
5 10 15 20 25 30 35 5 10 15 20 25 30 35
F intake (mg/d) F intake (mg/d)

FIGURE 2-7 Urinary (left) and serum (right) fluoride concentrations as
functions of estimated daily fluoride intake (data from Gupta et al. 2001).
Dark circles indicate means of groups of 50 children (ages 6-12); vertical
lines indicate 1 standard deviation from the mean.
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than in toenails in 2- to 6-year old children and showed a correlation be-
tween nail concentrations and dietary fluoride intake (exclusive of fluoride
in toothpaste). Plasma fluoride in these children was not correlated with
fluoride in fingernails, toenails, diet, or drinking water.

In contrast, Corréa Rodrigues et al. (2004), in samples from 2- to 3-
year-old children, found no significant differences in fluoride concentrations
between fingernails and toenails collected at the same time. An increase in
fluoride intake in these children was reflected in nail samples approximately
4 months later (Corréa Rodrigues et al. 2004). Most likely, differences in
“lag times” and differences between fingernails and toenails in the same
individual reflect differences in growth rates of the nails due to factors such
as age or differences in blood flow. McDonnell et al. (2004) found a wide
variation in growth rates of thumbnails of 2- and 3-year-old children; age,
gender, and fluoride exposure had no effect on the growth rates. However,
it was emphasized that, for any study in which it is of interest to estimate
the timing of a fluoride exposure based on measurements of fluoride in nails,
the growth rate of the nails should be measured for each individual.

Czarnowski et al. (1999) found correlations between water fluoride con-
centrations and urinary fluoride, fluoride in hair, and bone mineral density
measured in 300 people in the Gdansk region of Poland. For workers with
occupational exposure to airborne fluoride (largely HF), Czarnowski and
Krechniak (1990) found good correlation among groups of workers between
fluoride concentrations in urine and nails (r = 0.99); correlation between
concentrations in urine and hair or hair and nails was also positive but not
as good (r = 0.77 and 0.70, respectively). For individual values, positive cor-
relation was found only between concentrations in urine and nails (» = 0.73).
It was not possible to establish correlations between fluoride concentrations
in biological media and air (Czarnowski and Krechniak 1990).

Measuring the fluoride content of teeth and bones can give an indica-
tion of chronic or cumulative fluoride exposure, although after cessation of
fluoride exposure, bone fluoride concentrations slowly decrease because of
resorption of bone. In addition, bone turnover results in the accumulation of
various concentrations of fluoride in different bone types and sites (Selwitz
1994). Dentin has also been suggested as a reasonably accurate marker for
long-term exposure (Selwitz 1994), although Vieira et al. (2005) found no
correlation between bone fluoride and either enamel or dentin fluoride in
persons with exposure to 0.07 or 1.0 mg/L fluoride in drinking water.

Roholm (1937) reported that the fluoride content in normal teeth varied
from 190 to 300 ppm (0.19 to 0.30 mg/g) in the total ash, with 5-7 times as
much fluoride in the dentin as in the enamel. Fluoride content in the total
ash of teeth from five cryolite workers (employed 8-10 years; three with
osteosclerosis) contained 1,100-5,300 ppm (1.1-5.3 mg/g), with the most
carious teeth containing the most fluoride. Roholm (1937) also reported
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normal bone fluoride concentrations of 480-2,100 ppm in bone ash (0.48-
2.1 mg/g bone ash in ribs), with concentrations between 3,100 and 13,100
ppm in bone ash (3.1 and 13.1 mg/g bone ash; varying with type of bone)
in two cryolite workers. Hodge and Smith (1965), summarizing several
reports, listed mean concentrations of bone fluoride in normal individuals
between 450 and 1,200 ppm in bone ash and in people “suffering excessive
exposure” to fluorides between 7,500 and 20,830 ppm in bone ash. More
recently, Eble et al. (1992) have reported fluoride concentrations in bone
ash ranging from 378 ppm (16-year old with <0.2 mg/L fluoride in drinking
water since infancy) to 3,708 ppm (79-year old with fluoridated water). A
46-year old female with chronic renal failure had a fluoride concentration
in bone ash of 3,253 ppm (Eble et al. 1992).

The data of Zipkin et al. (1958) shows a good relationship between
drinking-water fluoride and the mean percentage of fluoride in bone (iliac
crest, rib, and vertebra) for adults in areas of various fluoride concentra-
tions in drinking water. However, the ranges (Table 2-16; see also Chapter
3, Figure 3-1) suggest that variability among individuals within groups
could be large, probably reflecting variability in individual fluoride intakes,
duration of exposure, and age. A major disadvantage of measuring bone
fluoride is the invasiveness of bone sampling in live individuals. Although
easier to do, x-ray screening for increased bone density should be done only
when the need for information justifies the radiation dose involved; in ad-
dition, bone density might not be related solely to fluoride exposure or to
bone fluoride content.

The two most important biomarkers of effect for fluoride are consid-
ered to be enamel fluorosis and skeletal fluorosis (ATSDR 2003); these are
discussed more fully in Chapters 4 and 5. Enamel fluorosis is characterized
by mottling and erosion of the enamel of the teeth and is associated with
elevated fluoride intakes during the childhood years when the teeth are
developing. According to the U.S. Public Health Service (PHS 1991), both
the percent prevalence and the increasing severity of enamel fluorosis are
associated with increasing fluoride concentration in drinking water (and
presumably actual fluoride intake). For “optimally” fluoridated water (0.7-
1.2 mg/L), 22% of children examined in the 1980s showed some fluorosis
(mostly very mild or mild); at water fluoride concentrations above 2.3 mg/L,
more than 70% of children showed fluorosis (PHS 1991; NRC 1993). Some
children developed fluorosis even at the lowest fluoride concentrations (<0.4
mg/L), suggesting that either fluoride intakes are variable within a popula-
tion with the same water supply or there is variability in the susceptibility
to fluorosis within populations (or both). Baelum et al. (1987) indicated
that 0.03 mg/kg/day might not be protective against enamel fluorosis, and
Fejerskov et al. (1987) stated that the borderline dose above which enamel
fluorosis might develop could be as low as 0.03 mg/kg/day.

Copyright © National Academy of Sciences. All rights reserved.



Fluoride in Drinking Water: A Scientific Review of EPA's Standards
http://www.nap.edu/catalog/11571.html

80 FLUORIDE IN DRINKING WATER

DenBesten (1994) described the limitations of using enamel fluorosis
as a biomarker of exposure: enamel fluorosis is useful only for children
less than about 7 years old when the exposure occurred; the incidence
and degree of fluorosis vary with the timing, duration, and concentration;
and there appear to be variations in individual response. Selwitz (1994),
summarizing a workshop on the assessment of fluoride accumulation, also
indicated that variability in response (incidence and severity of enamel
fluorosis) to fluoride exposure may result from physiological differences
among individuals and that enamel fluorosis is not an adequate biomarker
for fluoride accumulation or potentially adverse health effects beyond the
period of tooth formation. Selwitz (1994) did suggest that enamel fluorosis
could be used as a biomarker of fluoride exposure in young children within
a community over time.

Skeletal fluorosis (see also Chapter 5) is characterized by increased bone
mass, increased radiographic density of the bones, and a range of skeletal
and joint symptoms; preclinical skeletal fluorosis is associated with fluoride
concentrations of 3,500-5,500 ppm in bone ash and clinical stages I, II, and
I with concentrations of 6,000-7,000, 7,500-9,000, and >8,400, respec-
tively (PHS 1991), although other sources indicate lower concentrations of
bone fluoride in some cases of skeletal fluoride (see Chapter 5). According
to the Institute of Medicine, “Most epidemiological research has indicated
that an intake of at least 10 mg/day [of fluoride] for 10 or more years is
needed to produce clinical signs of the milder forms of [skeletal fluorosis]”
(IOM 1997). However, the National Research Council (NRC 1993) indi-
cated that crippling (as opposed to mild) skeletal fluorosis “might occur in
people who have ingested 10-20 mg of fluoride per day for 10-20 years.” A
previous NRC report (NRC 1977) stated that a retention of 2 mg of fluoride
per day (corresponding approximately to a daily intake of 4-5 mg) “would
mean that an average individual would experience skeletal fluorosis after 40
yr, based on an accumulation of 10,000 ppm fluoride in bone ash.” Studies
in other countries indicate that skeletal fluorosis might be in part a marker
of susceptibility as well as exposure, with factors such as dietary calcium
deficiency involved in addition to fluoride intake (Pettifor et al. 1989; Teotia
et al. 1998).

Hodge and Smith (1965) summarized a number of studies of skeletal
fluorosis, including two that indicated affected individuals in the United
States with water supplies containing fluoride at 4.8 or 8 mg/L. They also
stated categorically that “crippling fluorosis has never been seen in the
United States.” The individuals with endemic fluorosis at 4.8 mg/L are re-
ferred to elsewhere as having “radiographic osteosclerosis, but no evidence
of skeletal fluorosis” (PHS 1991). In combination with high fluid intake and
large amounts of tea, “the lowest drinking-water concentration of fluoride
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associated with symptomatic skeletal fluorosis that has been reported to date
is 3 ppm, outside of countries such as India” (NRC 1977).

Both the PHS (1991) and the NRC (1993) indicated that only five cases
of crippling skeletal fluorosis have been reported in the literature in the
United States (including one case in a recent immigrant from an area with
fluoride in the drinking water at 3.9 mg/L) (PHS 1991). These individuals
were said to have water supplies ranging from 3.9 to 8.0 mg/L (water fluo-
ride content given for one of the individuals is actually less than 3.9 mg/L)
(PHS 1991). Two of the individuals had intakes of up to 6 L/day of water
containing fluoride at 2.4-3.5 or 4.0-7.8 mg/L (PHS 1991; NRC 1993); this
corresponds to fluoride intakes of up to 14.4-21 or 24-47 mg/day.

Several cases of skeletal fluorosis reported in the United States are sum-
marized in Table 2-17. These reports indicate that a fluoride concentration of
7-8 mg/L for 7 years is sufficient to bring about skeletal fluorosis (Felsenfeld
and Roberts 1991), but skeletal fluorosis may occur at much lower fluoride
concentrations in cases of renal insufficiency (Juncos and Donadio 1972;
Johnson et al. 1979). People who consume instant tea are at increased risk
of developing skeletal fluorosis, especially if they drink large volumes, use
extra-strength preparations, or use fluoridated or fluoride-contaminated
water (Whyte et al. 2005).

In summary, selecting appropriate biomarkers for a given fluoride study
depends on a number of factors, as listed above. A major consideration is the
time period of interest for the study (e.g., current or recent exposures versus
exposures in childhood versus cumulative exposures) and whether the intent
is to demonstrate differences among groups or to characterize exposures of
specific individuals. Many of the areas for further research identified by a
1994 workshop (Whitford et al. 1994) are still relevant for improving the
assessment of fluoride exposures.

FINDINGS

Table 2-18 summarizes various published perspectives on the sig-
nificance of given concentrations of fluoride exposure. Historically, a daily
intake of 4-5 mg by an adult (0.057-0.071 mg/kg for a 70-kg adult) was
considered a “health hazard” (McClure et al. 1945, cited by Singer et al.
1985). However, the Institute of Medicine (IOM 1997) now lists 10 mg/day
as a “tolerable upper intake” for children > 8 years old and adults, although
that intake has also been associated with the possibility of mild (IOM 1997)
or even crippling (NRC 1993) skeletal fluorosis.

The recommended optimal fluoride intake for children to maximize
caries prevention and minimize the occurrence of enamel fluorosis is often
stated as being 0.05-0.07 mg/kg/day (Levy 1994; Heller et al. 1999, 2000).
Burt (1992) attempted to track down the origin of the estimate of 0.05-0.07
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TABLE 2-18 Summary of Current and Historical Perspectives on
Fluoride Exposure

Exposure,
mg/kg/day  Description Reference
0.0014 “Adequate intake” for children < 6 months old? IOM 1997; ADA 2005

(0.01 mg/day)

0.01-0.04 Average daily dietary fluoride intake for children 0-2 1OM 1997¢
years old residing in nonfluoridated areas (< 0.4
mg/L)

0.017-0.031 Average daily intake by adults in a fluoridated area  NRC 1993
(1.2-2.2 mg/day)*

0.017-0.054 Lower end of “safe and adequate daily dietary NRC 1989b
intake” for children 0-10 years? (0.1-1.5 mg/day)

0.019-0.033 Lower end of “safe and adequate daily dietary NRC 1989b
intake” for children > 10 years and adults? (1.5
mg/day)

0.02-0.10 Average daily dietary fluoride intake for children 1-9 McClure 1943¢
years residing in fluoridated areas (0.7-1.1 mg/L)

0.038-0.069 Upper end of “safe and adequate daily dietary NRC 1989b
intake” for children > 10 years and adults? (2.5-
4.0 mg/day)
0.04-0.07 Average daily intake by children in a fluoridated NRC 1993
area
0.05 “Adequate intake” for all ages above 6 months old* IOM 1997; ADA 2005
0.05 ATSDR’s minimal risk level$ (chronic duration, ATSDR 2003

based on increased rate of bone fractures)”
0.05-0.13 Average daily dietary fluoride intake for children IOM 1997°
0-2 years old residing in fluoridated areas (0.7-1.1

mg/L)
0.05-0.07 “Optimal” intake to maximize caries prevention and Levy 1994; Heller et
minimize the occurrence of enamel fluorosis al. 1999, 2000
0.05-0.07 “Useful upper limit for fluoride intake in children”  Burt 1992
0.057-0.071 “Health hazard” for adults (4-5 mg/day)° McClure et al. 1945
0.057 EPA’s SMCL (2 mg/l; adult intake)’ 40CFR 143.3[2001]
0.06 EPA’s reference dose/ (based on protection of EPA 1989
children from objectionable enamel fluorosis)*
0.083-0.13  Upper end of “safe and adequate daily dietary NRC 1989b
intake” for children 0-10 years old? (0.5-2.5
mg/day)
0.10 “Tolerable upper intake”! for ages 0-87 (0.7-2.2 IOM 1997; ADA 2005
mg/day)
0.10 EPA’s SMCL (2 mg/L; child intake)™ 40CFR 143.3 [2001]
0.11 EPA’s MCLG and MCL (4 mg/L; adult intake)” 40CFR
141.62(b)[2001]
0.13-0.18 “Tolerable upper intake”° for ages > 14 (10 IOM 1997; ADA 2005
mg/day)
0.2 EPA’s MCLG and MCL (4 mg/L; child intake)? 40CFR

141.62(b)[2001]

continued
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TABLE 2-18 Continued

Exposure,
mg/kg/day  Description Reference
0.25 “Tolerable upper intake”° for ages 9-134 (10 IOM 1997; ADA 2005

mg/day)

9Based on intakes and average body weights listed by IOM (1997) and ADA (20035); see
Table B-17 in Appendix B.

bSummaries of papers published between 1979 and 1988 (IOM 1997).

“Based on a 70-kg adult.

4Based on intakes and median weights listed by NRC (1989b); see Table B-16 in Appendix
B.

¢Summarized by IOM (1997).

Range, 0.045-0.056 mg/kg/day.

¢A minimal risk level (MRL) is an estimate of the daily human exposure to a hazardous
substance that is likely to be without appreciable risk of adverse noncancer health effects over
a specified duration of exposure (ATSDR 2003).

PThe ATSDR (2003) states that an intermediate-duration MRL derived from a study of
thyroid effects in rats would have been lower (more protective) than the chronic-duration
MRL of 0.05, but the value of that MRL is not given.

‘Based on intake of 2 L/day by a 70-kg adult of water containing fluoride at 2 mg/L.

iReference dose (RfD) is an estimate (with uncertainty spanning perhaps an order of
magnitude) of a daily oral exposure to the human population (including sensitive subgroups)
that is likely to be without an appreciable risk of deleterious effects during a lifetime (EPA
1989).

*Based on a fluoride concentration of 1 mg/L in drinking water; the RfD for fluoride
contains no uncertainty factor or modifying factor, although RfDs for other substances contain
uncertainty factors to account for things such as variability within the human population (EPA
2003b).

/Based on moderate enamel fluorosis (IOM 1997).

"Based on intake of 1 L/day by a 20-kg child of water containing fluoride at 2 mg/L.

"Based on intake of 2 L/day by a 70-kg adult of water containing fluoride at 4 mg/L.

°Based on skeletal fluorosis for adults and children > age 9 (IOM 1997).

PBased on intake of 1 L/day by a 20-kg child of water containing fluoride at 4 mg/L.

mg/kg/day as an optimum intake of fluoride but was unable to find it. He
interpreted the available evidence as suggesting that 0.05-0.07 mg/kg/day
(from all sources) “remains a useful upper limit for fluoride intake in chil-
dren” (see also NRC 1993).

Figure 2-8 shows the average intake of fluoride from all sources esti-
mated in this report (Table 2-11), with 1 mg/L in drinking water; Figure 2-9
shows the average intake of fluoride from drinking water alone (Table 2-10),
given a fluoride concentration at the MCLG/MCL (4 mg/L). For comparison
purposes, an intake of 0.05-0.07 mg/kg/day is indicated on the graphs.

Based on EPA’s estimates of community water consumption by consum-
ers with an average intake (EPA 2000a), if that water is fluoridated, children
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FIGURE 2-8 Estimated average intake of fluoride from all sources, at 1 mg/L
in drinking water (based on Table 2-11). Horizontal lines indicate an intake
of 0.05-0.07 mg/kg/day.

less than 6 months old have an intake at or above 0.05-0.07 mg/kg/day (see
Appendix B, Table B-10). Children from 6 months to 1 year old have similar
intakes if their water is fluoridated at 1 or 1.2 mg/L. No other age groups
have that intake at ordinary fluoride concentrations; all age groups reach
or exceed that intake with water at 4 mg/L. For individuals with higher-
than-average intake of community water, intakes for the youngest children
(<1 year) might exceed 0.05-0.07 mg/kg/day at all concentrations of water
fluoridation (see Appendix B, Tables B-11, B-12, and B-13); for fluoride con-
centrations corresponding to the SMCL (2 mg/L) or MCL (4 mg/L), an in-
take of 0.05-0.07 mg/kg/day is reached or exceeded by all age groups. Note
that the estimates in Appendix B include only the fluoride contribution from
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FIGURE 2-9 Estimated average intake of fluoride from drinking water alone,
based on a fluoride concentration of 4 mg/L (MCLGI/MCL; based on Table
2-10). Horizontal lines indicate an intake of 0.05-0.07 mg/kg/day.

community water (drinking water, plus beverages and foods prepared with
community water at home or in local eating establishments); if contributions
from food, tea, commercial beverages, toothpastes, and other sources are
added, total intakes by individuals will increase accordingly.

Estimates of total exposure (typical or average) shown in Table 2-11
indicate that all children through age 12 who take fluoride supplements (as-
suming low water fluoride) will reach or exceed 0.05-0.07 mg/kg/day. For
children not on supplements, nonnursing infants with fluoride in tap water
at 0.5 mg/L will exceed 0.05-0.07 mg/kg/day for typical exposures. Also,
children through 5 years old (0.5 mg/L in tap water), children 6-12 years
old (22 mg/L in tap water), and teenagers and adults (>4 mg/L in tap water)
will exceed 0.05-0.07 mg/kg/day with typical or average fluoride exposures
in terms of water consumption and toothpaste ingestion.
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A number of researchers have pointed out both the importance of
evaluating individual fluoride intake from all sources and the difficulties
associated with doing so, given the variability of fluoride content in various
foods and beverages and the variability of individual intakes of the specific
items (Clovis and Hargreaves 1988; Nowak and Nowak 1989; Chan et al.
1990; Stannard et al. 1990, 1991; Weinberger 1991; Toumba et al. 1994;
Duperon et al. 1995; Van Winkle et al. 1995; Chan and Koh 1996; Kiritsy
et al. 1996; Warren et al. 1996; Heilman et al. 1997, 1999; Heller et al.
1999; Levy and Guha-Chowdhury 1999; Lalumandier and Ayers 2000).
However, as shown in Figure 2-1, for typical individuals, the single most
important contributor to fluoride exposures (approaching 50% or more) is
fluoridated water and other beverages and foods prepared or manufactured
with fluoridated water.

RECOMMENDATIONS

e Fluoride should be included in nationwide biomonitoring surveys
and nutritional studies (e.g., CDC’s National Health and Nutrition Exami-
nation Survey and affiliated studies). In particular, analysis of fluoride in
blood and urine samples taken in these surveys would be valuable.

e National data on fluoridation (e.g., CDC 1993) should be updated
on a regular basis.

e Probabilistic analysis should be performed for the uncertainty in es-
timates of individual and group exposures and for population distributions
of exposure (e.g., variability with respect to long-term water consumption).
This would permit estimation of the number of people exposed at various
concentrations, identification of population subgroups at unusual risk for
high exposures, identification or confirmation of those fluoride sources with
the greatest impact on individual or population exposures, and identification
or characterization of fluoride sources that are significant contributors to
total exposure for certain population subgroups.

e To assist in estimating individual fluoride exposure from ingestion,
manufacturers and producers should provide information on the fluoride
content of commercial foods and beverages.

e To permit better characterization of current exposures from airborne
fluorides, ambient concentrations of airborne hydrogen fluoride and par-
ticulates should be reported on national and regional scales, especially for
areas of known air pollution or known sources of airborne fluorides. Ad-
ditional information on fluoride concentrations in soils in residential and
recreational areas near industrial fluoride sources also should be obtained.

e Additional studies on the relationship between individual fluoride
exposures and measurements of fluoride in tissues (especially bone and nails)
and bodily fluids (especially serum and urine) should be conducted. Such
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studies should determine both absolute intakes (mg/day) and body-weight
normalized intakes (mg/kg/day).

e Assumptions about the influence of environmental factors, particu-
larly temperature, on water consumption should be reevaluated in light
of current lifestyle practices (e.g., greater availability of air conditioning,
participation in indoor sports).

e Better characterization of exposure to fluoride is needed in epidemi-
ology studies investigating potential effects. Important exposure aspects of
such studies would include the following:

— collecting data on general dietary status and dietary factors that
could influence exposure or effects, such as calcium, iodine, and aluminum
intakes

— characterizing and grouping individuals by estimated (total) ex-
posure, rather than by source of exposure, location of residence, fluoride
concentration in drinking water, or other surrogates

- reporting intakes or exposures with and without normalization for
body weight (e.g., mg/day and mg/kg/day)

— addressing uncertainties associated with exposure, including un-
certainties in measurements of fluoride concentrations in bodily fluids and
tissues

- reporting data in terms of individual correlations between intake
and effect, differences in subgroups, and differences in percentages of indi-
viduals showing an effect and not just differences in group or population
means.

e Further analysis should be done of the concentrations of fluoride
and various fluoride species or complexes (especially fluorosilicates and
aluminofluorides) present in tap water, using a range of water samples (e.g.,
of different hardness and mineral content). Research also should include
characterizing any changes in speciation that occur when tap water is used
for various purposes—for example, to make acidic beverages.

e The possibility of biological effects of SiF -, as opposed to free fluo-
ride ion, should be examined.

e The biological effects of aluminofluoride complexes should be re-
searched further, including the conditions (exposure conditions and physi-
ological conditions) under which the complexes can be expected to occur
and to have biological effects.
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Pharmacokinetics of Fluoride

This chapter updates pharmacokinetic information on fluoride de-
veloped since the earlier National Research Council review (NRC 1993).
Particular attention is given to several potentially important issues for
evaluation of the U.S. Environmental Protection Agency (EPA) maximum-
contaminant-level goal (MCLG), including the accumulation of fluoride in
bone, pharmacokinetic modeling, cross-species extrapolation, and suscep-
tible populations. Consideration of biomarkers is provided in Chapter 2.

OVERVIEW OF FLUORIDE CHEMISTRY,
UNITS, AND MEASUREMENT

Fluoride is the ionic form of fluorine, the most electronegative element.
Water in the United States is typically fluoridated with fluorosilicates or
sodium fluoride. In water at approximately neutral pH, fluorosilicates ap-
pear to entirely dissociate, producing fluoride ion, hydrofluoric acid (HF),
and silicic acid (Si(OH)4). Fluoride reversibly forms HF in water. It also
complexes with aluminum. See Chapter 2 for additional discussion of fluo-
rosilicates and aluminum fluoride complexes.

Inorganic fluoride takes two primary forms in body fluids: fluoride ion
and HFE. Organofluorine compounds, and their potential relationship to
inorganic fluoride, are discussed in Chapter 2 and later in this chapter.

A number of different units are commonly used to measure fluoride
concentrations in water and biological samples (Table 3-1). Because the
atomic weight of fluorine is 19, 1 pmol/L is equal to 0.019 milligrams per
liter (mg/L). Bone ash is typically about 56% of wet bone by weight (Rao

89
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TABLE 3-1 Commonly Used Units
for Measuring Fluoride

Medium Unit Equivalent
Water 1 ppm 1 mg/L
Plasma 1 pmol/L 0.019 mg/L
Bone ash 1 ppm 1 mg/kg

et al. 1995), so 1,000 milligrams per kilogram (mg/kg) of fluoride in bone
ash is equivalent to about 560 mg/kg wet weight.

Fluoride concentrations in body fluids typically are measured with
a fluoride-specific electrode, an instrument that cannot reliably measure
concentrations below about 0.019 mg/L and tends to overpredict at lower
concentrations. As many people living in areas with artificially fluoridated
water have plasma concentrations in this range, studies that rely on fluoride
electrodes alone might tend to overpredict concentrations in plasma and
body fluids. The hexamethyldisiloxane diffusion method provides a way
around this problem by concentrating the fluoride in samples before analysis
(reviewed by Whitford 1996).

SHORT REVIEW OF FLUORIDE PHARMACOKINETICS:
ABSORPTION, DISTRIBUTION, AND ELIMINATION

A comprehensive review of fluoride pharmacokinetics is provided by
Whitford (1996), and this section presents a brief overview of that informa-
tion. The pharmacokinetics of fluoride are primarily governed by pH and
storage in bone. HF diffuses across cell membranes far more easily than
fluoride ion. Because HF is a weak acid with a pKa of 3.4, more of the
fluoride is in the form of HF when pH is lower. Consequently, pH—and
factors that affect it—play an important role in the absorption, distribution,
and excretion of fluoride. Fluoride is readily incorporated into calcified tis-
sues, such as bone and teeth, substituting for hydroxyls in hydroxyapatite
crystals. Fluoride exchanges between body fluids and bone, both at the
surface layer of bone (a short-term process) and in areas undergoing bone
remodeling (a longer-term process). Most of the fluoride in the body, about
99%, is contained in bone.

Fluoride is well absorbed in the alimentary tract, typically 70% to
90%. For sodium fluoride and other very soluble forms, nearly 100% is
absorbed. Fluoride absorption is reduced by increased stomach pH and
increased concentrations of calcium, magnesium, and aluminum. At high
concentrations, those metals form relatively insoluble fluoride salts. A re-
cent study comparing hard and soft water found little difference in fluoride
bioavailability in healthy young volunteers (Maguire et al. 2004). Fluoride
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can increase the uptake of aluminum into bone (Ahn et al. 1995) and brain
(Varner et al. 1998).

Fluoride concentrations in plasma, extracellular fluid, and intracellular
fluid are in approximate equilibrium. The concentrations in the water of
most tissues are thought to be 40% to 90% of plasma concentrations, but
there are several important exceptions. Tissue fluid/plasma (T/P) ratios
exceed one for the kidney because of high concentrations in the renal tu-
bules. T/P ratios can exceed one in tissues with calcium deposits, such as
the placenta near the end of pregnancy. The pineal gland, a calcifying organ
that lies near the center of the brain but outside the blood-brain barrier, has
been found to accumulate fluoride (Luke 2001). Fluoride concentrations in
adipose tissue and brain are generally thought to be about 20% of plasma or
less (Whitford 1996). The blood-brain barrier is thought to reduce fluoride
transfer, at least in short-term experiments (Whitford 1996). It is possible
that brain T/P ratios are higher for exposure before development of the
blood-brain barrier.

Most tissue measurements are based on short-term exposures of healthy
adult animals. Similar T/P ratios have been found for liver and kidney in
some chronic animal experiments (Dunipace et al. 1995), but not all organs
have been examined. The literature contains some unexplained exceptions
to these T/P generalizations (Mullenix et al. 1995; Inkielewicz and Krech-
niak 2003). Mullenix et al. (1995) reported atypically high, dose-dependent
T/P ratios for the rat brain: more than 20 for control animals and about 3
for animals exposed to fluoride at 125 mg/L in drinking water for 20 weeks.
Because these T/P ratios for brain are much higher than earlier results,
Whitford (1996) speculated that the results of Mullenix et al. were due to
analytical error. Additional measurements of fluoride tissue concentrations
after chronic dosing are needed.

Fluoride is cleared from plasma through two primary mechanisms:
uptake by bone and excretion in urine. Plasma clearance by the two routes
is approximately equal in healthy adult humans. (Plasma clearance is the
volume of plasma from which fluoride is removed per unit time. The rate of
removal equals the clearance times the plasma fluoride concentration. Clear-
ances are additive.) The relative clearance by bone is larger in young animals
and children because of their growing skeletal systems. “In contrast to the
compact nature of mature bone, the crystallites of developing bone are small
in size, large in number and heavily hydrated. Thus, they afford a relatively
enormous surface area for reactions involving fluoride” (Whitford 1996,
p. 94). Experimental work in growing dogs demonstrates that extrarenal
clearance, almost entirely uptake by bone, is inversely related to age. Renal
clearance depends on pH and glomerular filtration rate. At low pH, more
HF is formed, promoting reabsorption. Excretion of previously absorbed
fluoride from the body is almost entirely via urine. Fluoride not absorbed
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by the gut is found in feces. High concentrations of calcium in contents of
the gastrointestinal tract can cause net excretion of fluoride.

Fluoride is rapidly absorbed from the gastrointestinal tract, with a
half-life of about 30 minutes. After a single dose, plasma concentrations
rise to a peak and then fall as the fluoride is cleared by the renal system and
bone, decreasing back to (short-term) baseline with a half-life of several
hours. Fluoride concentrations in plasma are not homeostatically con-
trolled (Whitford 1996). Chronic dosing leads to accumulation in bone and
plasma (although it might not always be detectable in plasma.) Subsequent
decreases in exposure cause fluoride to move back out of bone into body
fluids, becoming subject to the same kinetics as newly absorbed fluoride.
A study of Swiss aluminum workers found that fluoride bone concentra-
tions decreased by 50% after 20 years. The average bone ash concentration
in the workers was about 6,400 mg/kg at the end of exposure, estimated
via regression (Baud et al. 1978). The bone concentration found in these
workers is similar to that found in long-term consumers of drinking water
containing fluoride in the range of 2-4 mg/L (discussed later in this chapter).
Twenty years might not represent a true half-life. Recent pharmacokinetic
models (see below) are nonlinear, suggesting that elimination rates might
be concentration dependent.

PHARMACOKINETIC MODELS

Pharmacokinetic models can be useful for integrating research re-
sults and making predictions. Two important fluoride models have been
published since the 1993 NRC review. Turner et al. (1993) modeled bone
concentrations in healthy adult humans. They assumed a nonlinear function
relating the concentrations of fluoride in newly formed bone to plasma/
extracellular fluids. The relationship is close to linear until bone ash con-
centrations reach about 10,000 mg/kg; above that concentration the curve
levels off. (Based on the chemical structure of fluorapatite, Ca,,(PO,)F,,
the theoretical limit on bone fluoride concentration is 37,700 mg/kg.) The
model was relatively successful at predicting fluoride bone concentrations
due to chronic exposure compared with experimental data—for example,
the human bone measurements of Zipkin et al. (1958). Bone fluoride con-
centrations were predicted to increase approximately linearly as a function
of water concentration, at least up to 4 mg/L. The most sophisticated model
to date (Rao et al. 1995) extended this work with a physiologically based
pharmacokinetic (PBPK) model. Among other features, it models change
in body weight, plasma clearance, and bone uptake as a function of sex
and age, allowing predictions for lifetime exposures. It can model both rats
and humans, making it useful for comparing these species. Predicted bone
concentrations were comparable with data from several studies of humans,

Copyright © National Academy of Sciences. All rights reserved.



Fluoride in Drinking Water: A Scientific Review of EPA's Standards
http://www.nap.edu/catalog/11571.html

PHARMACOKINETICS OF FLUORIDE 93

including the study by Zipkin et al. (1958), and two rat carcinogenicity
studies (Maurer et al. 1990; Bucher et al. 1991). Both models predicted
increasing fluoride concentrations in bone with length of chronic exposure.
None of these studies presented results for plasma.

Both models also performed well in predicting bone concentrations
of fluoride resulting from osteoporosis treatment, involving about 25 mg
of fluoride per day for up to 6 years. This suggests that the models can
adequately predict the results of both long-term lower exposures (drinking
water) and shorter-term, higher exposures (treatment regimes) by changing
exposure assumptions.

The PBPK model of Rao et al. (19935) could be used in several ways,
including (1) predicting bone concentrations in people after lifetime expo-
sures to assumed water concentrations or other exposure scenarios, and (2)
comparing plasma and bone fluoride concentrations in rats and humans
with the same exposure. The Rao model is quite complicated and relies on
several numerical functions not provided in the paper. The Turner model
is more limited in scope, unable to compare species or take sex- and age-
related effects into account, but it is much simpler. Not enough detail on
either model was available to replicate them nor was the committee able to
obtain operational versions of the models.

FLUORIDE CONCENTRATIONS IN HUMAN
BONE VERSUS WATER CONCENTRATION

Remarkably few data are available for studying the association between
fluoride in human bone and low-dose chronic exposure via drinking water.
Although there are a number of cross-sectional studies comparing bone
concentrations with water concentrations, very few contain estimates of
length of exposure. Most studies are autopsies, as bone samples can be
difficult to obtain from healthy living subjects. Among studies examining
exposure to fluoride at 4 mg/L, Zipkin et al. (1958) provided the only data
set that included exposure durations. The results of that study were also
modeled by Turner et al. (1993) and Rao et al. (1995). Sixty-three of the
69 subjects, aged 26 to 90, died suddenly, primarily due to trauma, cardio-
vascular disease, and cerebrovascular causes; three had renal disease. The
authors recorded concentrations of fluoride in drinking water and bone as
well as sex, age, and years of residence. Compared with today, many other
sources of fluoride exposure were uncommon or did not exist. The average
residence time for the whole study was 31 years, 34 years for the 2.6-mg/L
group and 21 years for the 4-mg/L group. Exposure took place for most
people as adults. No estimates of water consumption are provided: water
concentration serves as an ecologic measure of exposure.

Table 3-2 summarizes data on fluoride content of the iliac crest, the
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TABLE 3-2 Fluoride in Bone Due to Chronic Water Exposure?

Water Concentration, mg/L Average Iliac Crest Concentration, mg/kg Ash
0.1 665 +224 (n=17)

1 2,249 + 506 (n = 4)

2.6 4,496 £2,015 (n = 25)

4 6,870 £ 1,629 (n = 4)

Total 3,203 (n = 50)

Fifty-three subjects had data for the iliac crest; 3 from the 0.2 and 0.3 mg/L
groups are omitted because they were also exposed to fluoridated water for 2 to
4 years.

SOURCE: Zipkin et al. 1958.

bone modeled by Turner et al. and Rao et al. Zipkin et al. concluded that
average bone fluoride concentrations were linearly related to water con-
centration. (As discussed in Appendix C, this analysis is fully ecologic).
The committee regressed individual-level bone concentrations versus water
concentrations (a group measure of exposure) and individual-level covari-
ates such as age. (This analysis is partially ecologic.) Figure 3-1 plots bone
versus water concentrations and the result of simple regression with no
covariates. (Note the apparent heteroscedasticity.) The model was improved
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FIGURE 3-1 Illiac crest data from Zipkin et al. (1958). Crude regression
results: y = 517 + 1,549x; (> = 0.66); slope = 1,549 (95% confidence interval
[CI] = 1,227, 1,872).
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by including residence years and sex; age had little additional impact and
was omitted in the final model (Table 3-3).

Several cross-sectional studies have found an association between fluo-
ride bone concentrations and age (Jackson and Weidmann 1958; Kuo and
Stamm 1974; Parkins et al. 1974; Charen et al. 1979; Alhava et al. 1980;
Eble et al. 1992; Richards et al. 1994; Torra et al. 1998). Jackson and Wei-
dmann (1958) were unusual in finding a leveling off at an older age. But
most studies did not have information on length of exposure, a variable
often correlated with age (R = 0.41 in the Zipkin data set). Because of the
potential for rapid fluoride uptake by bones during childhood, the commit-
tee modeled exposure before puberty with an indicator variable, but this
added little to the model. Very few data are available on bone fluoride con-
centrations in children. Most studies do not distinguish between trabecular
and cortical bone, although the former have higher fluoride concentrations
(Eble et al. 1992).

The model in Table 3-3 indicates that fluoride bone concentrations
increased with fluoride water concentrations and residence time; females
tended to have higher concentrations than males. These results need to be
interpreted with caution. Some subjects had renal disease, which can some-
times increase fluoride concentrations (see discussion below), potentially
reducing the generalizability of the results to a healthier population. The
committee’s analysis is partially ecologic (Appendix C). However, the Turner
and Rao pharmacokinetic models also predict that fluoride bone concentra-
tions increase with water concentration and duration of chronic exposure.

What bone fluoride concentration occurs after 70 years of exposure to
water at 4 mg/L? The multiple regression model predicts about 8,100 mg/kg
ash for females, within the range of the data set used to construct the model
but near its maximum. Few people studied by Zipkin et al. were exposed
for 70 years and only four were exposed at 4 mg/L. Fluoride is taken up by
bone more rapidly during growth than in adulthood. This phenomenon, not
addressed by the regression model, could cause the model to underpredict.
Only the model of Rao et al. was constructed to examine lifetime exposure.
Assuming 70 years of exposure at 4 mg/L in water, Rao et al. predicted fluo-
ride concentrations of 10,000 to 12,000 mg/kg in bone ash for females. Even

TABLE 3-3 Multiple Regression Results for Zipkin Data

Coefficient 95% CI P value
Intercept -556 mg/kg (-1,512, 401) 0.25
Water fluoride 1,527 (1,224, 1,831) 2.7 x 10713
Residence, years 26.5 mg/kg/year (7.48, 45.5) 0.007
Sex (M = 0) 663 mg/ke (-148, 1,475) 0.11
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higher values would be predicted if other sources of fluoride exposure were
included. This prediction lies beyond the range of the human data used to
check the model, but it represents the current best estimate. In making this
prediction, the authors appear to have assumed consumption of 1 L of wa-
ter per day up to age 10 and 2 L/day thereafter. Higher water consumption
rates (e.g., 5 L/day) would further increase bone concentrations of fluoride
but by less than fivefold because of the nonlinear kinetics.

Unfortunately, Rao et al. did not publish predictions for 2 mg/L. The
regression model of Table 3-3 predicts about 5,000 mg/kg ash for females
after 70 years of exposure. This value exceeds the mean value (4,500
mg/kg) observed at 2.6 mg/L in the Zipkin study, primarily because of the
assumed longer time of residence. As this estimate is based on regression
modeling of the Zipkin data, it may underestimate predictions based on
pharmacokinetic modeling or additional sources of exposure. The commit-
tee located only a few other studies that measured bone fluoride at similar
water concentrations. A British study found bone concentrations of about
5,700 mg/kg ash in people chronically exposed to water with fluoride at 1.9
mg/L; these people are also thought to be exposed to fluoride in tea (Jackson
and Weidmann 1958; see Turner et al 1993 for unit conversions). In an area
of rural Finland with fluoride in drinking water exceeding 1.5 mg/L, the
average bone concentrations from 57 autopsies were 3,490 mg/kg ash in
females and 2,830 mg/kg ash in males (Arnala et al. 1985). Most had lived
their whole lives in the same place, most were over 50, and 7 had impaired
renal function. For 16, fluoride concentrations were measured in the water
sources (2.6 = 1.4 mg/L); bone concentrations were 4,910 = 2,250 mg/kg
ash. In a later study of the same area of Finland, the mean bone concentra-
tion in 18 hip fracture patients was 3,720 = 2,390 mg/kg, assumed to be ash
(Arnala et al. 1986). The mean age was 79, 14 were female, 3 had diabetes,
and 1 had elevated serum creatinine; residence time was not specified. For
people exposed to fluoride at 2 mg/L in drinking water for a lifetime, the
committee concludes that average bone concentration can be expected to
be in the range of 4,000 to 5,000 mg/kg ash. Considerable variation around
the average is expected.

FLUORIDE CONCENTRATIONS IN BONES
AFTER CLINICAL STUDIES

A number of clinical studies measured bone fluoride concentrations
after therapeutic treatment (van Kesteren et al. 1982; Boivin et al. 1988;
Bayley et al. 1990; Gutteridge et al. 1990; Orcel et al. 1990; Boivin et al.
1993; Segaard et al. 1994; Lundy et al. 1995). Figure 3-2 summarizes these
data, plotting fluoride concentrations in bone ash after treatment versus to-
tal exposure from the studies. The weighted least squares (WLS) regression
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line weighted points according to the number of participants in each trial
(see Appendix C). Note that the two points farthest above the regression
line (Bayley et al. 1990; Lundy et al. 1995) were from studies carried out
in Toronto and Minnesota, presumably fluoridated areas; most (possibly
all) of the other studies were conducted in European countries that do not
fluoridate water. The two points farthest below the line delivered fluoride in
a form designed to reduce bioavailability (Boivin et al. 1988, Turner et al.
1993). This analysis is ecologic, plotting average bone concentrations versus
total exposure. However, analysis of individual-level data in two studies
(van Kesteren et al. 1982; Gutteridge et al. 1990) provides similar results.
Because the pharmacokinetics of fluoride are nonlinear, we would not
necessarily expect people with the same cumulative exposure to have the
same bone fluoride concentrations. Indeed, the model may overpredict
bone concentrations for long-term exposure to lower fluoride concentra-
tions via water. Figure 3-2 also shows the average bone ash concentrations
measured by Zipkin et al. for fluoride at 4 mg/L plotted against estimated
total exposure. The latter was estimated assuming consumption of 1.51 L
of water per day (Turner et al. 1993) and 21 years of exposure to fluoride
in the 4-mg/L area. (The Zipkin study reported residence time and water
concentrations but not water consumption.) While not completely out of
range, the bone concentration is lower than expected based on the regression
for the clinical data. Analysis of Turner’s pharmacokinetic model (Turner et
al. 1993) suggests that short-term (months to years), high-dose exposures
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FIGURE 3-2 Bone fluoride concentrations versus total exposure in clinical
trials. For comparison, the average bone concentration found by Zipkin et al.
(1958) among subjects drinking water with fluoride at 4 mg/L is provided.
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may produce higher bone fluoride concentrations than long-term (decades),
low-dose exposures. More time means more bone resorption, allowing a
greater fraction of the total fluoride dose to be excreted. Additional research
on this topic would be useful.

More detailed information on fluoride’s effects on bone cells and bone
formation is presented in Chapter 3.

COMPARATIVE PHARMACOKINETICS OF RATS AND HUMANS

Among animal species, fluoride toxicology has been studied most ex-
tensively in rats. When extrapolating from rats to humans, it is useful to
consider their relative pharmacokinetics. There are at least two ways to
do this. Bone, tissue, or plasma concentrations may provide an appropri-
ate biomarker of internal exposure for some effects. Alternatively, one can
compare plasma, tissue, and bone concentrations in rats and humans given
the same dose.

Our knowledge of the comparative pharmacokinetics of fluoride is
primarily limited to short-term studies of a small number of mammals.
Using estimates of plasma, renal, and extrarenal fluoride clearances scaled
to body weight, Whitford et al. (1991) concluded that dogs were the best
pharmacokinetic model for humans, based on studies of healthy young
adults. In contrast, renal clearance in rats (age 12 weeks) was more than
three times larger than in humans; rat extrarenal clearance was about twice
as large (Whitford et al. 1991). Unlike in humans, rat bones do not undergo
Haversian remodeling (remodeling along channels within the bone). Fluoride
uptake by the bones of adult rats should be minimal (Turner et al. 1995).

Comparisons between species—and within species for different experi-
ments—are complicated by several factors. With chronic exposure, fluoride
bone concentrations tend to increase over time. The amount of calcium in
the diet affects the amount of fluoride absorbed. The dose of fluoride can
depend on the concentration of fluoride in water, water consumption, and
the amount of fluoride in the diet. If fluoride concentration is kept constant
in water, dose can vary as the animal ages. Species age at different rates,
and age affects pharmacokinetics, especially bone development and kidney
function.

Evidence suggests that rats require higher chronic exposure than hu-
mans to achieve the same plasma and bone fluoride concentrations. It has
been suggested that rats might require water concentrations about five times
larger than humans to reach the same plasma concentration (Dunipace et al.
1995). For bone, Turner et al. (1992) estimated that “humans incorporate
fluoride ~18 times more readily than rats when the rats are on a normal cal-
cium diet.” This comparison was also based on water concentrations. In Ap-
pendix D, this issue is briefly reviewed. The factor for plasma is uncertain, in
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part because it could change with age or duration of dose. It might be more
appropriate to compare exposures than water concentration. Bone compari-
sons are also uncertain but appear to support a rat-to-human conversion
factor for older rats and humans of at least an order of magnitude.

ORGANOFLUORINE COMPOUNDS

Two types of fluorine are found in human plasma: inorganic and or-
ganic. Up to now, this chapter has discussed the inorganic form. Remark-
ably, the amount of organic fluoride in serum is generally greater than the
amount of inorganic fluoride (Whitford 1996). Interest in organofluorine
compounds has grown tremendously in the last decade. Two compounds
(and their salts) dominate recent biological research: perfluorooctanesul-
fonate (PFOS; CgF,,SO;7) and perfluorooctanoate (PFOA; C,F ,COO").
Both are straight-chain compounds with fluorine substituted for aliphatic
hydrogens. These compounds are biologically stable with long half-lives, on
the order of years, in humans. Relatively little is known about the routes
of human exposure. A recent study of American Red Cross adult blood
donors found median serum concentrations of 35 pg/L of PFOS and 5 pg/L
of PFOA (Olsen et al. 2003).

Defluorination of PFOA has not been detected in rat experiments
(Vanden Heuvel et al. 1991; Kudo and Kawashima 2003). Given the sta-
bility of PFOA and PFOS, they do not appear to be important sources of
inorganic fluoride, although more research is needed, particularly for PFOS.
Degradation of other fluorocarbons might produce fluoride ion. Perfluo-
rooctanesulfonyl fluoride (POSF, C¢F,,SO,F) is used as a starting material
for manufacturing polymers and surfactants. Residual POSF in products
“may degrade or metabolize, to an undeterminate degree” to PFOS (Olsen
et al. 2004, p. 1600). Certain anesthetics release fluoride ion during use
(see Chapter 2).

FACTORS MODIFYING PHARMACOKINETICS AND THEIR
IMPLICATIONS FOR POTENTIALLY SUSCEPTIBLE POPULATIONS

Changes in chronic exposure to fluoride will tend to alter plasma and
bone fluoride concentrations. A number of factors can modify the pharmaco-
kinetics, providing another way to change fluoride tissue concentrations.

Fluoride clearance tends to increase with urinary pH. One proposed
mechanism is decreased reabsorption in the renal tubule, easily crossed by
HF and nearly impermeable to fluoride ion. Increasing urinary pH thus
tends to decrease fluoride retention. As a result, fluoride retention might be
affected by environments or conditions that chronically affect urinary pH,
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including diet, drugs, altitude, and certain diseases (e.g., chronic obstructive
pulmonary disease) (reviewed by Whitford 1996).

Because of their growing skeleton, infants and children clear relatively
larger amounts of fluoride into bones than adults (Ekstrand et al. 1994;
Whitford 1999). As discussed earlier, fluoride plasma and bone concen-
trations tend to increase with age. Although this trend is partly due to
accumulation over time, decreased renal clearance and differences in bone
resorption (preferential removal of cystallites with little or no fluoride in the
elderly have been hypothesized to play a role.

Because the kidney is the major route of excretion, increased plasma
and bone fluoride concentrations are not surprising in patients with kidney
disease. Plasma fluoride concentrations are clearly elevated in patients with
severely compromised kidney function, reduced glomerular filtration rates
of around 20% of normal, as measured via creatinine clearance or serum
creatinine concentrations (Hanhijarvi 1974, 1982; Parsons et al. 1975;
Schiffl and Binswanger 1980; Waterhouse et al. 1980; Hanhijirvi and
Penttild 1981). Kuo and Stamm (1975) found no association. However,
elevated serum concentrations were found in renal patients with normal
serum creatinine (Hanhijarvi 1982).

Only a few studies have examined fluoride concentrations in bone in
renal patients. Call et al. (19635) found doubled bone fluoride concentrations
in five patients with chronic, severe kidney disease. Juncos and Donadio
(1972) diagnosed systemic fluorosis (but did not measure bone fluoride
concentrations) in two patients with reduced renal function and exposure
to drinking water with fluoride at 1.7 and 2.6 mg/L. Four renal patients
with severe skeletal changes or bone pain had elevated serum and bone
fluoride concentrations; the bone concentrations ranged from about 5,500
to 11,000 mg/kg (Johnson et al. 1979). Fluoride bone concentrations more
than doubled in four patients with severe, chronic pyelonephritis (Hefti and
Marthaler 1981). Arnala et al. (1985) reported elevated bone concentrations
(roughly 50%) in six people with “slightly impaired renal function” from a
fluoridated area. Bone fluoride concentrations were significantly increased
in dialysis patients compared with normal controls (Cohen-Solal et al.
2002). In rats with surgically induced renal deficiency (80% nephrectomy),
glomerular filtration rate decreased by 68%. After 6 months of fluoride
treatment, bone fluoride concentrations approximately doubled (Turner et
al. 1996).

Hanhijarvi and Penttild (1981) reported elevated serum fluoride in pa-
tients with cardiac failure. Fluoride concentrations were positively related to
serum creatinine, although the concentrations of the latter did not indicate
renal insufficiency. During cardiac failure, the body tries to maintain blood
flow to the heart and brain.

Although some studies report no difference in plasma fluoride concen-
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trations between men and women (e.g., Torra et al. 1998), others found
greater rates of increase with age in females (Husdan et al. 1976; Hanhijarvi
et al. 1981). Enhanced release of fluoride in postmenopausal women is one
possible explanation. Similar to our regression results of the Zipkin data,
some studies have found a tendency toward elevated bone fluoride concen-
trations in women (Arnala et al. 1985; Richards et al. 1994). A Finnish study
reported that bone fluoride concentrations increased more rapidly with age
in women than in men (Alhava et al. 1980). This variability might be due
to several factors, including individual differences in water consumption
and pharmacokinetics.

In sum, although the data are sparse, severe renal insufficiency appears
to increase bone fluoride concentrations, perhaps as much as twofold. The
elderly are at increased risk of high bone fluoride concentrations due to
accumulation over time; although less clear, decreased renal function and
gender may be important.

FINDINGS

e Bone fluoride concentrations increase with both magnitude and
length of exposure. Empirical data suggest substantial variations in bone
fluoride concentrations at any given water concentration.

e On the basis of pharmacokinetic modeling, the current best estimate
for bone fluoride concentrations after 70 years of exposure to fluoride at
4 mg/L in water is 10,000 to 12,000 mg/kg in bone ash. Higher values would
be predicted for people consuming large amounts of water (>2 L/day) or for
those with additional sources of exposure. Less information was available
for estimating bone concentrations from lifetime exposure to fluoride in
water at 2 mg/L. The committee estimates average bone concentrations of
4,000 to 5,000 mg/kg ash.

e Groups likely to have increased bone fluoride concentrations include
the elderly and people with severe renal insufficiency.

e Pharmacokinetics should be taken into account when comparing
effects of fluoride in different species. Limited evidence suggests that rats
require higher chronic exposures than humans to achieve the same plasma
and bone concentrations.

RESEARCH RECOMMENDATIONS

e Additional research is needed on fluoride concentrations in human
bone as a function of magnitude and duration of exposure, age, gender, and
health status. Such studies would be greatly aided by noninvasive means of
measuring bone fluoride. As discussed in other chapters of this report, some
soft tissue effects may be associated with fluoride exposure. Most measure-
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ments of fluoride in soft tissues are based on short-term exposures and some
atypically high values have been reported. Thus, more studies are needed on
fluoride concentrations in soft tissues (e.g., brain, thyroid, kidney) following
chronic exposure.

e Research is needed on fluoride plasma and bone concentrations in
people with small to moderate changes in renal function as well as patients
with serious renal deficiency. Other potentially sensitive populations should
be evaluated, including the elderly, postmenopausal women, and people
with altered acid-base balance.

e Improved and readily available pharmacokinetic models should be
developed.

e Additional studies comparing pharmacokinetics across species are
needed.

e More work is needed on the potential for release of fluoride by the
metabolism of organofluorines.
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Effects of Fluoride on Teeth

In this chapter, the committee reviews research on the occurrence of
enamel fluorosis at different concentrations of fluoride in drinking water,
with emphasis on severe enamel fluorosis and water fluoride concentra-
tions at or near the current maximum contaminant level goal (MCLG) of
4 mg/L and the secondary maximum contaminant level (SMCL) of 2 mg/L.
Evidence on dental caries in relation to severe enamel fluorosis, aesthetic
and psychological effects of enamel fluorosis, and effects of fluoride on
dentin fluorosis and delayed tooth eruption is reviewed as well. Evidence
on caries prevention at water concentrations below the SMCL of 2 mg/L is
not reviewed. Strengths and limitations of study methods, including issues
pertaining to diagnosis and measurement, are considered.

ENAMEL FLUOROSIS

Fluoride has a great affinity for the developing enamel because tooth
apatite crystals have the capacity to bind and integrate fluoride ion into the
crystal lattice (Robinson et al. 1996). Excessive intake of fluoride during
enamel development can lead to enamel fluorosis, a condition of the dental
hard tissues in which the enamel covering of the teeth fails to crystallize
properly, leading to defects that range from barely discernable markings
to brown stains and surface pitting. This section provides an overview
of the clinical and histopathological manifestations of enamel fluorosis,
diagnostic issues, indexes used to characterize the condition, and possible
mechanisms.

103
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Clinical and Histological Features

Enamel fluorosis is a mottling of the tooth surface that is attributed to
fluoride exposure during tooth formation. The process of enamel matura-
tion consists of an increase in mineralization within the developing tooth
and concurrent loss of early-secreted matrix proteins. Exposure to fluoride
during maturation causes a dose-related disruption of enamel mineralization
resulting in widening gaps in its crystalline structure, excessive retention of
enamel proteins, and increased porosity. These effects are thought to be due
to fluoride’s effect on the breakdown rates of matrix proteins and on the
rate at which the by-products from that degradation are withdrawn from
the maturing enamel (Aoba and Fejerskov 2002).

Clinically, mild forms of enamel fluorosis are evidenced by white hori-
zontal striations on the tooth surface or opaque patches, usually located on
the incisal edges of anterior teeth or cusp tips of posterior teeth. Opaque
areas are visible in tangential reflected light but not in normal light. These
lesions appear histopathologically as hypomineralization of the subsurface
covered by a well-mineralized outer enamel surface (Thylstrup and Fejer-
skov 1978). In mild fluorosis, the enamel is usually smooth to the point of
an explorer, but not in moderate and severe cases of the condition (Newb-
run 1986). In moderate to severe forms of fluorosis, porosity increases and
lesions extend toward the inner enamel. After the tooth erupts, its porous
areas may flake off, leaving enamel defects where debris and bacteria can
be trapped. The opaque areas can become stained yellow to brown, with
more severe structural damage possible, primarily in the form of pitting of
the tooth surface.

Enamel in the transitional or early maturation stage of development is
the most susceptible to fluorosis (DenBesten and Thariani 1992). For most
children, the first 6 to 8 years of life appear to be the critical period of risk. In
the Tkeno district of Japan, where a water supply containing fluoride at 7.8
mg/L was inadvertently used for 12 years, no enamel fluorosis was seen in
any child who was age 7 years or older at the start of this period or younger
than 11 months old at the end of it (Ishii and Suckling 1991). For anterior
teeth, which are of the most aesthetic concern, the risk period appears to
be the first 3 years of life (Evans and Stamm 1991; Ishii and Suckling 1991;
Levy et al. 2002a). Although it is possible for enamel fluorosis to occur when
teeth are exposed during enamel maturation alone, it is unclear whether it
will occur if fluoride exposure takes place only at the stage of enamel-matrix
secretion. Fejerskov et al. (1994) noted that fluoride uptake into mature
enamel is possible only as a result of concomitant enamel dissolution, such
as caries development. Because the severity of fluorosis is related to the du-
ration, timing, and dose of fluoride intake, cumulative exposure during the
entire maturation stage, not merely during critical periods of certain types

Copyright © National Academy of Sciences. All rights reserved.



Fluoride in Drinking Water: A Scientific Review of EPA's Standards
http://www.nap.edu/catalog/11571.html

EFFECTS OF FLUORIDE ON TEETH 105

of tooth development, is probably the most important exposure measure to
consider when assessing the risk of fluorosis (DenBesten 1999).

Mechanisms

Dental enamel is formed by matrix-mediated biomineralization. Crys-
tallites of hydroxyapatite (Ca,,(PO,),(OH),) form a complex protein ma-
trix that serves as a nucleation site (Newbrun 1986). The matrix consists
primarily of amelogenin, proteins synthesized by secretory ameloblasts that
have a functional role in establishing and maintaining the spacing between
enamel crystallites. Full mineralization of enamel occurs when amelogenin
fragments are removed from the extracellular space. The improper mineral-
ization that occurs with enamel fluorosis is thought to be due to inhibition
of the matrix proteinases responsible for removing amelogenin fragments.
The delay in removal impairs crystal growth and makes the enamel more
porous (Bronckers et al. 2002). DenBesten et al. (2002) showed that rats
exposed to fluoride in drinking water at 50 or 100 mg/L had lower total
proteinase activity per unit of protein than control rats. Fluoride apparently
interferes with protease activities by decreasing free Ca%* concentrations in
the mineralizing milieu (Aoba and Fejerskov 2002).

Matsuo et al. (1998) investigated the mechanism of enamel fluorosis
in rats administered sodium fluoride (NaF) at 20 mg/kg by subcutaneous
injections for 4 days or at 240 mg/L in drinking water for 4 weeks. They
found that fluoride alters intracellular transport in the secretory ameloblasts
and suggested that G proteins play a role in the transport disturbance. They
found different immunoblotting-and-pertussis-toxin-sensitive G proteins on
the rough endoplasmic reticulum and Golgi membranes of the germ cells
of rats’ incisor teeth.

Health Issues and Clinical Treatment

Whether to consider enamel fluorosis, particularly the moderate to se-
vere forms, an adverse cosmetic effect or an adverse health effect has been
the subject of debate for decades. Some early literature suggests that the
clinical course of caries could be compromised by untreated severe enamel
fluorosis. Smith and Smith (1940, pp.1050-1051) observed, “There is ample
evidence that mottled teeth, though they be somewhat more resistant to the
onset of decay, are structurally weak, and that unfortunately when decay
does set in, the result is often disastrous. Caries once started evidently
spreads rapidly. Steps taken to repair the cavities in many cases were unsuc-
cessful, the tooth breaking away when attempts were made to anchor the
fillings, so that extraction was the only course.” Gruebbel (1952, p.153)
expressed a similar viewpoint: “Severe mottling is as destructive to teeth as
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is dental caries. Therefore, when the concentration is excessive, defluorina-
tion or a new water supply should be recommended. The need for remov-
ing excessive amounts of fluorides calls attention to the peculiar situation
in public health practice in which a chemical substance is added to water
in some localities to prevent a disease and the same chemical substance is
removed in other localities to prevent another disease.” Dean advised that
when the average child in a community has mild fluorosis (0.6 on his scale,
described in the next section), “. . . it begins to constitute a public health
problem warranting increasing consideration” (Dean 1942, p. 29).

There appears to be general acceptance in today’s dental literature that
enamel fluorosis is a toxic effect of fluoride intake that, in its severest forms,
can produce adverse effects on dental health, such as tooth function and
caries experience. For example:

e “The most severe forms of fluorosis manifest as heavily stained, pit-
ted, and friable enamel that can result in loss of dental function” (Burt and
Eklund 1999).

e “In more severely fluorosed teeth, the enamel is pitted and discolored
and is prone to fracture and wear” (ATSDR 2003, p. 19).

e “The degree of porosity (hypermineralization) of such teeth results
in a diminished physical strength of the enamel, and parts of the superficial
enamel may break away . . . In the most severe forms of dental fluorosis, the
extent and degree of porosity within the enamel are so severe that most of
the outermost enamel will be chipped off immediately following eruption”
(Fejerskov et al. 1990, p. 694).

e “With increasing severity, the subsurface enamel all along the tooth

becomes increasingly porous . . . the more severe forms are subject to ex-
tensive mechanical breakdown of the surface” (Aoba and Fejerskov 2002,
p- 159).

e “With more severe forms of fluorosis, caries risk increases because
of pitting and loss of the outer enamel” (Levy 2003, p. 286).

e < .. the most severe forms of dental fluorosis might be more than
a cosmetic defect if enough fluorotic enamel is fractured and lost to cause
pain, adversely affect food choices, compromise chewing efficiency, and
require complex dental treatment” (NRC 1993, p. 48).

Severe enamel fluorosis is treated to prevent further enamel loss and
to address the cosmetic appearance of teeth. Treatments include bleaching,
microabrasion, and the application of veneers or crowns. Bleaching and
microabrasion are typically used with the mild to moderate forms of enamel
fluorosis. Bleaching is the least invasive procedure, but does not eliminate
the dark stains associated with severe enamel fluorosis. Microabrasion
involves the controlled abrasion of enamel to remove superficial stains.
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This technique has been reported to be minimally invasive and successful
in treating single-line or patched opacities, but was not effective in treating
defects that extend deeper into the enamel (Wong and Winter 2002). Train
et al. (1996) found that while microabrasion improved the appearance of all
degrees of enamel fluorosis, severely fluorosed teeth exhibited more defective
surfaces following treatment. Pits and fissures can be filled with flowable
composites. Partial veneers, composite veneers, and crowns provide the best
aesthetic results for very severe enamel fluorosis, but are the most invasive
treatments. Crowns are usually used as a last resort because they can be
a threat to tooth vitality (Christensen 2005). The procedure requires the
further removal of tooth enamel to allow for bonding of the crown, and
sometimes requires replacement within a few years. The more invasive treat-
ments should be used only in the most severe cases of enamel fluorosis.

Ascertaining Enamel Fluorosis

Enamel Fluorosis Indexes

The three main indexes used to grade enamel fluorosis in research are
Dean’s index, the Thylstrup-Fejerskov index (TFI), and the tooth surface
index of fluorosis (TSIF). A particularly useful review of the characteristics,
strengths, and limitations of these indexes is given by Rozier (1994).

Dean’s index (Table 4-1) uses a 6-point ordinal scale, ranging from nor-
mal to severe, to classify individuals with regard to enamel fluorosis (Dean
1942). Scores are assigned on the basis of the two worst-affected teeth and
are derived from an assessment of the whole tooth rather than the worst-
affected tooth surface. Although Dean’s index is considered adequate for a
broad definition of prevalence and trends, it suffers from limited sensitivity
for analytical research in several ways. Because a person is assigned to a
fluorosis category on the basis of only two severely affected teeth, the score
may not discriminate between those individuals who have more affected
teeth from those with only a few affected teeth. In addition, as the teeth
most frequently affected by enamel fluorosis are posterior teeth and not
the aesthetically important anterior teeth, Dean’s index may misclassify
individuals with respect to aesthetic effects (Griffin et al. 2002). As a score
assigned at the level of the person, Dean’s index enables the computation of
prevalence estimates but does not permit an analysis of the effects of changes
in exposure during the development of different teeth. Finally, with only one
category for severe fluorosis, Dean’s index does not discriminate between
staining and pitting or between discrete and confluent pitting. In fact, Dean
revised the index in 1942 to create the version in use today, which com-
bines the original “moderately severe” and “severe” categories. Despite its
limitations, Dean’s index is by far the most widely used measure of enamel
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TABLE 4-1 Clinical Criteria for Dean’s Enamel Fluorosis Index

Diagnosis Criteria

Normal (0) The enamel represents the usually translucent semivitriform type of
structure. The surface is smooth, glossy, and usually a pale creamy
white color.

Questionable (0.5) The enamel discloses slight aberrations from the translucency of
normal enamel, ranging from a few white flecks to occasional white
spots. This classification is utilized when a definite diagnosis of the
mildest form of fluorosis is not warranted and a classification of
“normal” is not justified.

Very mild (1) Small, opaque, paper white area scattered irregularly over the tooth but
not involving as much as approximately 25% of the tooth surface.
Frequently included in this classification are teeth showing no more
than 1 to 2 mm of white opacity at the tip of the summit of the cusps
of the bicuspids or second molars.

Mild (2) The white opaque areas in the enamel of the teeth are more extensive
but do not involve as much as 50% of the tooth.

Moderate (3) All enamel surfaces of the teeth are affected, and surfaces subject to
attrition show marked wear. Brown stain is frequently a disfiguring
feature.

Severe (4) All enamel surfaces are affected and hypoplasia is so marked that the

general form of the tooth may be altered. The major diagnostic sign
of this classification is the discrete or confluent pitting. Brown stains
are widespread and teeth often present a corroded appearance.

SOURCE: Dean 1942. Reprinted with permission; copyright 1942, American Association for
the Advancement of Science.

fluorosis in the research literature. As a consequence, any comprehensive
review of the literature must rely upon it.

The TFI (Table 4-2), which classifies the facial surface of each tooth on
a 10-point scale (0 to 9), provides more criteria and categories for character-
izing mild and severe forms of fluorosis than Dean’s index allows (Thylstrup
and Fejerskov 1978). At the upper end of the severity scale, the TFI usefully
distinguishes among marked discoloration without pitting (score 4); discrete
or focal pitting (score 5); and degrees of confluent pitting, enamel loss, and
tooth deformation (scores 6-9). The TFI has been shown to be a valid indica-
tion of the fluoride content of fluorotic enamel. Most investigators combine
TFI scores of 5 and higher, all of which include pitting, to form a category
of severe enamel fluorosis.

The TSIF (Table 4-3) ascribes a fluorosis score on an 8-point scale (0 to
7) to each unrestored surface of each tooth (Horowitz et al. 1984). At the
higher end of the scale, there is a greater range of criteria for characteriza-
tion of effects. A TSIF score of 5 is the lowest classification on this scale
that involves enamel pitting. Although some researchers combine scores 5-7
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TABLE 4-2 Clinical Criteria and Scoring for the Thylstrup and Fejerskov
Index (TFI) of Enamel Fluorosis

Score  Criteria

0 Normal translucency of enamel remains after prolonged air-drying.
1 Narrow white lines corresponding to the perikymata.
2 Smooth surfaces: More pronounced lines of opacity that follow the perikymata.

Occasionally confluence of adjacent lines.
Occlusal surfaces: Scattered areas of opacity < 2 mm in diameter and pronounced
opacity of cuspal ridges.
3 Smooth surfaces: Merging and irregular cloudy areas of opacity. Accentuated
drawing of perikymata often visible between opacities.
Occlusal surfaces: Confluent areas of marked opacity. Worn areas appear almost
normal but usually circumscribed by a rim of opaque enamel.
4 Smooth surfaces: The entire surface exhibits marked opacity or appears chalky
white. Parts of surface exposed to attrition appear less affected.
Occlusal surfaces: Entire surface exhibits marked opacity. Attrition is often
pronounced shortly after eruption.

5 Smooth and occlusal surfaces: Entire surface displays marked opacity with focal loss
of outermost enamel (pits) < 2 mm in diameter.

6 Smooth surfaces: Pits are regularly arranged in horizontal bands < 2 mm in vertical
extension.

Occlusal surfaces: Confluent areas < 3 mm in diameter exhibit loss of enamel.
Marked attrition.
7 Smooth surfaces: Loss of outermost enamel in irregular areas involving less than half
of entire surface.
Occlusal surfaces: Changes in morphology caused by merging pits and marked

attrition.

8 Smooth and occlusal surfaces: Loss of outermost enamel involving more than half of
surface.

9 Smooth and occlusal surfaces: Loss of main part of enamel with change in anatomic

appearance of surface. Cervical rim of almost unaffected enamel is often noted.

SOURCE: Thylstrup and Fejerskov 1978. Reprinted with permission; copyright 1978,
Community Dentistry and Oral Epidemiology.

to classify severe enamel fluorosis, others extend their highest category of
severity to include score 4, which includes staining but not pitting.

Other fluorosis indexes, such as those developed by Siddiqui (1955) and
Al-Alousi et al. (19735), are used less frequently in research and almost never
in the United States. The developmental defects of enamel (DDE) index was
designed as a general classification scheme for enamel defects (FDI 1982;
Clarkson and O’Mullane 1989). As it emphasizes aesthetic concerns and
is not based on etiologic considerations, it is not technically an index of
enamel fluorosis. The fluorosis risk index (FRI) was developed specifically
for use in case-control studies (Pendrys 1990), very few of which have been
conducted.
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TABLE 4-3 Clinical Criteria and Scoring for the Tooth Surface Index of
Fluorosis (TSIF)

Score  Criteria

0 Enamel shows no evidence of fluorosis.

1 Enamel shows definite evidence of fluorosis—namely, areas with parchment-white
color that total less than one-third of the visible enamel surface. This category
includes fluorosis confined only to incisal edges of anterior teeth and cusp tips of
posterior teeth (“snowcapping”).

2 Parchment-white fluorosis totals at least one-third, but less than two-thirds, of the
visible surface.

3 Parchment-white fluorosis totals at least two-thirds of the visible surface.

4 Enamel shows staining in conjunction with any of the preceding levels of fluorosis.

Staining is defined as an area of definite discoloration that may range from light to
very dark brown.

5 Discrete pitting of the enamel exists, unaccompanied by evidence of staining of
intact enamel. A pit is defined as a definite physical defect in the enamel surface
with a rough floor that is surrounded by a wall of intact enamel. The pitted area
is usually stained or differs in color from the surrounding enamel.

6 Both discrete pitting and staining of the intact enamel exist.

7 Confluent pitting of the enamel surface exists. Large areas of enamel may be missing
and the anatomy of the tooth may be altered. Dark-brown stain is usually present.

SOURCE: Horowitz et al. 1984. Reprinted with permission; copyright 1984, American Dental
Association.

A major difference among the three principal enamel fluorosis indexes is
the level at which the scores are recorded: the level of the person on Dean’s
index, the level of the tooth on the TFI, and the level of the tooth surface
on the TSIE. As the tooth-level scores for Dean’s index are usually recorded
but not reported, it is impossible to break the reported person-level scores
down to the tooth or tooth-surface level. Similarly, the tooth level TFI scores
cannot be broken down to the level of the tooth surface. In contrast, it is
possible to combine TFI scores up to the person level and to combine TSIF
scores up to the tooth or person levels.

Because the person-level Dean’s index is the oldest and still the most
widely used enamel fluorosis index, researchers using the TFI or TSIF some-
times, though rarely, aggregate scores on those scales up to the person level
for comparability. When this is done, the most severe one or two teeth or
tooth surfaces are typically used. As a consequence, the prevalence of a given
level of enamel fluorosis severity (other than “normal” or “unaffected”) will
tend to be lowest if expressed as a proportion of all tooth surfaces, inter-
mediate in magnitude if expressed as a proportion of all teeth, and highest
if expressed as a proportion of all persons in a given sample. Prevalence esti-
mates at the person level are reviewed by the committee later in this chapter.
When the interest is in aesthetic concerns about milder forms of fluorosis,
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the person level and tooth level have disadvantages, as the affected teeth
may be located in the posterior part of the mouth and thus less visible under
ordinary (nonclinical) circumstances. For the severest forms, in contrast, the
considerations are reversed. It is more informative to know the proportion
of a population who have any teeth with dark staining and pitting than the
proportion of all teeth or of all tooth surfaces that have these most severe
manifestations of enamel fluorosis.

Diagnostic Issues

The 1993 National Research Council (NRC) report found that the ac-
curacy of clinical diagnosis of fluorotic lesions, especially those of the mild
form, has been plagued by the fact that not all white or light yellow opacities
in dental enamel are caused by fluoride. The ascertainment of severe enamel
fluorosis, in contrast, is much more secure. This is especially true in studies
of children in communities with relatively high water fluoride concentra-
tions in the United States and similar locales, where there are few if any
alternative explanations for dark yellow to brown staining and pitting of
the enamel of recently erupted permanent teeth.

Some studies in the international literature have reported severe mot-
tling of the teeth that could not be attributed to fluoride exposure. For
example, Whitford (1996) was unable to explain a high prevalence of
severe lesions resembling fluorosis in individuals in Morrococha, Peru, on
the basis of exposure to fluoride in water, food, or dental products. Yoder
et al. (1998) found severe dental mottling in a population in Tanzania with
negligible fluoride in the water (<0.2 mg/L). They noted that urinary fluo-
ride concentrations in affected subjects from that area were not consistent
with concentrations found in subjects from a high-fluoride area who had
severe enamel fluorosis. Mottling unrelated to fluoride has been suggested
to be due to malnutrition, metabolic disorders, exposure to certain dietary
trace elements, widespread introduction of tea drinking among children at
very early ages, or physical trauma to the tooth (Curzon and Spector 1977;
Cutress and Suckling 1990).

A genetic condition called amelogeneis imperfecta causes enamel defects
that can be mistaken for enamel fluorosis (Seow 1993); the hypoplastic
lesions of this condition have a deficiency in the quantity of enamel with
grooves and pits on the surface. Hypocalcified lesions have low mineraliza-
tion, appear pigmented, and have softened and easily detachable enamel.
Hypomaturation conditions are evident as opaque and porous enamel. The
prevalence of amelogeneis imperfecta ranges from approximately 1 in 700
to 1 in 14,000, depending on the population studied (Seow 1993).

Angmar-Mansson and Whitford (1990) reported that acute and chronic
exposures to hypobaric hypoxia that occurs at high altitudes are associated
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with bilaterally symmetrical and diffuse disturbances in enamel mineraliza-
tion that might be mistaken for fluorosis. More recently, Rweneyonyi et
al. (1999) reported higher prevalences of severe enamel fluorosis at higher
altitudes than at lower altitudes in Ugandan populations with the same
water fluoride levels.

Some evidence from animal studies indicates that genetics might con-
tribute to susceptibility to enamel fluorosis (Everett et al. 2002). It has also
been proposed that use of the antibiotic amoxicillin during infancy might
contribute to the development of enamel fluorosis of the primary teeth
(Hong et al. 2004).

A number of review articles evaluate the strengths and deficiencies of
the various indexes used to diagnose and characterize the degree of enamel
fluorosis (Clarkson 1989; Ellwood et al. 1994; Kingman 1994; Rozier
1994). In general, the following observations may be made:

e The various indexes use different examination techniques, clas-
sification criteria, and ways of reporting data. All indexes are based on
subjective assessment, and little information is available on their validity or
comparability. Prevalence data obtained from these indexes also can vary
considerably because of differences in study protocols and case definitions.
Nevertheless, the American Dental Association (2005) considers severe and
even moderate fluorosis “typically easy to detect.”

e Examiner reliability is an important consideration in evaluation
studies. Systematic interexaminer variability has been reported (Burt et al.
2003). Rozier (1994) noted that only about half the studies available in
1994 provided evidence that examiner reliability was evaluated. Although
almost all of those assessments were conducted in populations in which
severe enamel fluorosis was very rare, they showed an acceptable level of
agreement.

e Agreement among examiners tends to be lower when enamel fluo-
rosis is recorded at the level of the tooth or tooth surface than when it is
recorded at the person level.

Prevalence of Severe Enamel Fluorosis
in Relation to Water Fluoride Concentrations

In many reviews and individual studies, all levels of enamel fluorosis
severity are grouped together. This approach is less problematic at compara-
tively low levels of fluoride intake, where all or almost all of the cases are
mild or moderate in severity. At higher intake levels, such as those typically
found in communities with water fluoride concentrations at the current
MCLG of 4 mg/L or the current SMCL of 2 mg/L, it is more informative to
report results for the different levels of fluorosis severity. Those reviews in
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which severity distinctions have been drawn, such as NRC (1993) and IOM
(1997), have tended to combine moderate and severe fluorosis into a single
category. The present report focuses more specifically on the severe forms.

The committee compiled prevalence estimates at the person level for
severe enamel fluorosis in relation to water fluoride levels from studies
around the world. The starting points were the estimates provided in EPA’s
documentation supporting the MCLG (50 Fed. Reg. 20164 [1985]) and Ap-
pendix C6 of McDonagh et al. (2000a). To these were added results from 24
additional studies (Venkateswarlu et al. 1952; Forsman 1974; Retief et al.
1979; Rozier and Dudney 1981; Subbareddy and Tewari 1985; Haimanot
et al. 1987; Kaur et al. 1987; Mann et al. 1987, 1990; Szpunar and Burt
1988; Thaper et al. 1989; Jackson et al. 1995; Cortes et al. 1996; Akpata
et al. 1997; Gopalakrishnan et al. 1999; Kumar and Swango 1999; Menon
and Indushekar 1999; Rwenyonyi et al. 1999; Sampaio and Arneberg 1999;
Awadia et al. 2000; Alarcon-Herrera et al. 2001; Grobler et al. 2001; Ermis
et al. 2003; Wondwossen et al. 2004). Results were excluded if they were
for fluorosis indexes other Dean’s index, the TFI, the TSIE, or modifica-
tions thereof (e.g., Goward 1982; Nunn et al. 1992); for all fluorosis or
for moderate and severe fluorosis combined (e.g., Warnakulasuriya et al.
1992; Mella et al. 1994; Alonge et al. 2000; Burt et al. 2003); for primary or
deciduous teeth as opposed to permanent teeth (e.g., Mclnnes et al. 1982);
for different teeth separately with no results at the person level or for all
teeth combined (e.g., Opinya et al. 1991); for unbounded upper catego-
ries of water fluoride for which no mean or median value was given (e.g.,
> 1.2 mg/L in Heller et al. [1997], > 2 mg/L in Ray et al. [1982], > 2.5 mg/L
in Angelillo et al. [1999]); for bounded but extremely wide water fluoride
ranges (e.g., 0.8 to 4.3 mg/L in Haimanot et al. [1987], 0.7 to 4.0 in Beltran-
Aguilar et al. [2002], 0.3 to 2.2 mg/L in Wondwossen et al. [2004]). For
narrower bounded categories, the midrange water fluoride level was used.
Results from studies of children and teenagers (age 20 years or younger)
were tallied separately from results for adults. Severe enamel fluorosis was
classified as the “severe” classification in Dean’s index and, depending on
the groupings created by the original invesgtigators, TFI scores of 4-9 or
5-9 and TSIF scores of 4-7 or 5-7. Because of the wide variability in meth-
ods and populations, and the lack of independence when a given study
provided more than one result, the estimates were not subjected to formal
statistical analyses. Instead, plots of the prevalence estimates in relation to
water fluoride concentration were examined for the presence of any clear
and obvious patterns or trends.

Figure 4-1 shows 94 prevalence estimates from studies in the United
States. Despite the wide range of research methods, fluorosis indexes, water
fluoride measurement methods, and population characteristics in these stud-
ies conducted over a period spanning half a century, a clear trend is evident.
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FIGURE 4-1 Prevalence of severe enamel fluorosis at the person level by water
fluoride concentration, permanent teeth, age < 20 years, U.S. communities.

The prevalence of severe enamel fluorosis is close to zero in communities
at all water fluoride concentrations below 2 mg/L. Above 2 mg/L, the
prevalence rises sharply. The shape of this curve differs dramatically from
the linear trend observed when all levels of fluorosis severity are combined
and related to either the water fluoride concentration (Dean 1942) or the
estimated daily dose in milligrams per kilogram (Fejerskov et al. 1990).

Not shown in Figure 4-1 are a prevalence of 54% in a community with
a water fluoride concentration of 14 mg/L (50 Fed. Reg. 20164 [1985]) and
results from two studies of adults. One, with an age range of 20-44 years,
reported prevalences of zero at <0.1 mg/L and 2% at 2.5 mg/L (Russell and
Elvove 1951). In the other, with an age range of 27-65 years, the prevalences
were zero at 0.7 mg/L and 76% at 3.5 mg/L (Eklund et al. 1987). These
results are broadly consistent with those in Figure 4-1.

Strongly supporting evidence comes from a series of surveys conducted
by researchers at the National Institute of Dental Health (Selwitz et al.
1995, 1998). In these studies using the TSIF, scores were reported only at
the tooth-surface level (Figure 4-2). As with the person-level prevalence esti-
mates (Figure 4-1), an approximate population threshold for severe enamel
fluorosis is evident at water concentrations below 2 mg/L.
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FIGURE 4-2 Percentage of tooth surfaces with severe enamel fluorosis (TSIF
scores 4-7) by water fluoride concentration, permanent teeth, ages 8-10 and
13-16 years, U.S. communities, 1980, 1985 and 1990. (Some samples of
children at a given water fluoride concentration had identical percentages of
tooth surfaces with TSIF scores 4-7.) SOURCE: Selwitz et al. 1995, 1998.

Figure 4-3 shows 143 prevalence estimates from studies of children
outside the United States. Not shown are results for three Ethiopian com-
munities with extremely high water fluoride concentrations of 26, 34 and
36 mg/L and prevalences of 18%, 48% and 25%, respectively (Haimanot et
al. 1987). Although a positive association may be discernible, it is much less
obvious than in the U.S. studies. There is little evidence of an approximate
population threshold as in the results in U.S. communities (Figure 4-1). In
many regions around the world, water intake among children whose per-
manent teeth are forming can be much more variable than in the United
States, susceptibility may differ more widely, sources of fluoride intake other
than the community water supply may be more prevalent, or the ascertain-
ment of severe enamel fluorosis may be more often compromised by other
determinants of dental discoloration and pitting.

One question is whether the most severe forms of enamel fluorosis,
specifically those involving confluent pitting, occur at water concentrations
in the range of the current MCLG of 4 mg/L. This question cannot be an-
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FIGURE 4-3 Prevalence of severe enamel fluorosis at the person level by
water fluoride concentration, permanent teeth, age < 20 years, communities
outside the United States.

swered by most studies, which use Dean’s 1942 modification of his index
combining “moderately severe” and “severe” classifications of his original
system (Dean 1934) into a single category (Dean 1942; Rozier 1994). Three
studies, however, in U.S. communities with water fluoride concentrations of
approximately 4 mg/L have used enamel fluorosis indexes that draw severity
distinctions within the “severe” category.

In Lowell, Indiana, with a water fluoride concentration of approxi-
mately 4 mg/L, 7% of a 1992 sample and 2% of a 1994 sample of children
7-14 years of age had at least one tooth surface assigned the highest possible
TSIF score of 7 (Table 4-4). Expressed as a percentage of all tooth surfaces
examined (mean, 32.3 per child), the prevalence of TSIF score 7 in the 1992
sample was substantially lower at 0.5% (Jackson et al. 1995). The lower
prevalence using this metric is not surprising, as it includes surfaces on
anterior teeth, which are not generally as susceptible to fluorosis as molars
and other teeth located farther back in the mouth.

In Bushnell, Illinois, with a mean water fluoride concentration of 3.8
mg/L, samples of children age 8-10 years and 13-15 years were examined in
1980 and 1985 (Heifetz et al. 1988). As shown in Table 4-5, the TSIF score
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TABLE 4-4 Maximum TSIF Scores in Two Samples
of Children Age 7-14 Years in a U.S. Community
with a Water Fluoride Concentration of 4.0 mg/L

1992 study 1994 study
Maximum Number of Number of
TSIF Score Children Percent Children Percent
0 8 7.9 1 1.0
1 23 22.8 34 32.4
2 17 16.8 18 17.1
3 26 25.7 31 29.5
4 7 6.9 12 11.4
N 10 9.9 7 6.7
6 3 3.0 0 0.0
7 7 6.9 2 1.9
Total 101 100.0 105 100.0

SOURCE: Jackson et al. 1995, 1999; R.D. Jackson (Indiana
University-Purdue University Indianapolis, personal commun.,
December 21, 2005).

TABLE 4-5 Percentage of Tooth Surfaces Assigned TSIF Scores
in Four Samples of Children Age 8-10 Years and 13-15 Years in a
U.S. Community with a Water Fluoride Concentration of 3.8 mg/L4

1980 study 1985 study
TSIF Age 8-10 Age 13-15 Age 8-10 Age 13-15
Score (n=359) (n = 34) (n=62) (n=29)
0 30.3 36.9 24.2 22.5
1 28.5 25.6 32.2 30.8
2 171 16.7 18.7 18.8
3 19.7 18.6 19.7 22.1
4 0.3 0.3 0.6 0.5
N 2.8 1.3 3.1 3.9
6 0.1 0.1 0.1 0.0
7 1.2 0.5 1.4 1.5

9The numbers of children (n) are given in parentheses. The numbers of tooth surfaces
examined were not reported.

SOURCE: Heifetz et al. 1988.

of 7 was assigned in all four samples. Detailed TSIF scores from this study
are available only on as a percentage of all tooth surfaces examined. These
results are consistent with those from the 1992 sample in Lowell, Indiana
(Jackson et al. 1995) using the same fluorosis metric.
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Confluent enamel pitting must be present for a tooth surface to be as-
signed a score of 7 on the TSIF scale (Table 4-3). In addition to the usual
presence of dark brown staining, large areas of enamel may be missing and
gross tooth structure may be altered as well. Thus, it has been sufficiently
well documented that the most severe forms of enamel fluorosis for which
classifications exist occur in children who reside in communities with water
fluoride concentrations at or near the MCLG of 4 mg/L.

A third study, confined to the age range of 27-65 years, included a
sample of 192 adults from Lordsburg, New Mexico, with a water fluoride
concentration of 3.5 mg/L (Eklund et al. 1987). All members of this sample
were native to Lordsburg and long-term residents of that community. The
prevalence of severe fluorosis on Dean’s 1942 scale was extremely high in
this sample, 76% overall. The investigators modified Dean’s scale specifi-
cally to split the “severe” category into ‘severe’ (discrete pitting) and ‘very
severe’ (confluent pitting)” (Eklund et al. 1987). About half of those with
more than moderate fluorosis were classified in the “very severe” category.
These results for New Mexico adults are consistent with the results for
children in Indiana and Illinois.

A reduction of all water fluoride concentrations to below 2 mg/L would
be expected to make severe enamel fluorosis an extreme rarity in the United
States, but would not be expected to eliminate it entirely. Isolated cases
could still occur from excessive fluoride exposure from other sources, such
as toothpaste swallowing and use of fluoride supplements and rinses. One
can never rule out the possible existence of hypersusceptible individuals.
Finally, though the ascertainment of severe enamel fluorosis is usually quite
accurate in the United States, especially among children, it might be possible
for dark yellow or brown staining and enamel pitting from other causes
to be misdiagnosed as fluorosis. Such false positives might be particularly
common among adults who are long-term users of smoked and smokeless
tobacco products, heavy consumers of beverages such as coffee and tea, and
perhaps some with special occupational exposures.

Aesthetic and Psychological Consequences of Enamel Fluorosis

Studies show that facial attractiveness is important and that attractive
people are judged to be more socially desirable than less attractive people
(Berscheid and Walster 1974; Adams and Huston 1975; Adams 1977; Jenny
and Proshek 1986). Newton et al. (2003) assessed the impact of modified
images of untreated cavities on front teeth on the appraisal of personal
characteristics in the United Kingdom. Study participants associated de-
cayed and discolored teeth with lower intelligence and social competence
and with poor psychological adjustment. Interestingly, the ratings depended
on the facial appearance studied, an indication that the impact of enamel
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fluorosis is less noticeable in a more attractive face. Although studies of the
attractiveness of teeth are sparse, the orthodontic literature has shown that
more than 80% of patients seek care out of concern for aesthetics, rather
than health or function (Albino et al. 1981).

The potential for psychological and behavioral problems to develop
from the aesthetically displeasing consequences of enamel fluorosis has been
a long-standing concern. In 1984, an ad hoc panel of behavioral scientists
convened by the U.S. Environmental Protection Agency (EPA) and the
National Institute of Mental Health to evaluate the issue concluded that
“individuals who have suffered impaired dental appearance as a result of
moderate and severe fluorosis are probably at increased risk for psycho-
logical and behavioral problems or difficulties” (R.E. Kleck, unpublished
report, Nov. 17, 1984, as cited in 50 Fed. Reg. 20164 [1985]). The panel
recommended research on the social, emotional, and behavioral effects of
enamel fluorosis.

Few studies have assessed the association between the public’s perceived
aesthetic problems and degree of enamel fluorosis. Only one of those studies
was conducted in the United States. Lalumandier and Rozier (1998) found
that parental satisfaction with the color of their children’s teeth decreased
as the severity of fluorosis increased. Although 73.9% of parents were
satisfied with the color of teeth in the absence of enamel fluorosis, only
24.2% of parents were satisfied with the color of their children’s teeth when
the TSIF score was 4 or greater (moderate to severe forms). In a study of
dental students’ perceptions, Levy et al. (2002b) observed that fluorosis
and nonfluorosis images were consistently rated more favorably by fourth-
year students than by the same students in their first year. According to the
authors, the results suggested that dentists might regard fluorosis with less
concern given that they are exposed to a wide range of oral conditions,
whereas those outside the dental profession might view fluorosis with more
concern. Griffin et al. (2002) reviewed five published studies of aesthetic
perception and enamel fluorosis and estimated that approximately 2% of
U.S. schoolchildren might experience perceived aesthetic problems from
exposure to fluoride at 0.7-1.2 mg/L. It should be noted that perceived
aesthetic problems have also been reported even in the absence of enamel
fluorosis because of nonfluorotic enamel opacities and hypoplasia, natural
yellowish appearance of teeth, and discoloration due to dental caries. For
example, Griffin et al. (2002) also noted that the percentage of respondents
with no fluorosis who were not satisfied with the appearance of their teeth
ranged from 18% to 41%.

In general, studies conducted in other parts of the world show that the
level of satisfaction expressed by parents, children, and dentists with the
appearance of enamel fluorosis decreases with increasing severity of enamel
fluorosis (Clark et al. 1993; Riordan 1993; Clark 1995; Hawley et al. 1996;
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Lalumandier and Rozier 1998; Griffin et al. 2002). In contrast with those
studies, Ismail et al. (1993) did not find enamel fluorosis to be an aesthetic
problem in Truro, Nova Scotia. The primary reason for disliking the color of
front teeth was perceived yellowness unrelated to enamel fluorosis. Similarly,
a study conducted in Brazil found that enamel fluorosis had no impact on
children’s self-perception of appearance (Peres et al. 2003).

A systematic review of water fluoridation estimated the proportion of
the population likely to have aesthetic concerns about enamel fluorosis on
the basis of a review of 88 studies (McDonagh et al. 2000a). The authors
pointed out that the differences in the proportion of the population having
enamel fluorosis of aesthetic concern with low concentrations of fluoride in
drinking water and with fluoride at 1.2 mg/L were not statistically signifi-
cant. However, the estimation of aesthetic concerns was based solely on a
study conducted in Great Britain (Hawley et al. 1996) in which 14-year-old
children from Manchester were asked to rate the appearance of life-sized
pictures of two front teeth with enamel fluorosis (lips cropped off) classified
by the TFI. According to the authors, the percentage of subjects who consid-
ered the appearance of the teeth unacceptable decreased from 29% for TF
scores of 0 to 15% for TF scores of 2 and increased to 85% for TF scores
of 4. Using those data, McDonagh et al. (2000a) defined enamel fluorosis
of aesthetic concern as a case with a TF score of 3 or more, Dean’s score
of “mild” or worse, and a TSIF score of 2 or more. With this definition,
McDonagh et al. (2000a) estimated the prevalence of fluorosis of aesthetic
concern in the United Kingdom to be 63% at 4 mg/L and 25% at 2 mg/L.
For lower water fluoride concentrations, the estimated prevalence ranged
from 15% at 1.2 mg/L down to a baseline of 6% at 0.1 mg/L.

The committee judges that this analysis produced an overestimation of
the prevalence of fluorosis of actual aesthetic concern for two main reasons.
First, McDonagh et al. (2000a) applied the aesthetic concerns expressed
by study participants about fluorosis on front teeth to fluorosis prevalence
studies that included posterior teeth, which have much less potential to
pose aesthetic problems. Second, the analysis did not take into account the
observation by Hawley et al. (1996) that a higher percentage of children
found teeth with milder forms of enamel fluorosis (TF scores lower than
3) aesthetically preferable to normal teeth; almost one-third of the children
rated the photograph of teeth with no fluorosis as unacceptable.

There have been no new studies of the prevalence of moderate enamel
fluorosis in U.S. populations since the early 1990s. Previous estimates
ranged from 4% to 15% (50 Fed. Reg. 20164 [1985]). These estimates are
based on studies that used classification indexes for scoring enamel fluoro-
sis, and are not based on an assessment of aesthetics. None of the available
indexes allow for making distinctions between fluorosis on the anterior and
posterior teeth, so the percentage of children with moderate enamel fluorosis
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of aesthetic concern could not be determined, but the percentage would be
lower than 15%.

The committee found only one study (Morgan et al. 1998) that specifi-
cally evaluated the psychological and behavioral impacts of enamel fluorosis
on children with the condition. A group of 197 pediatric patients of a dental
practice between the ages of 7 and 11 were examined for enamel fluorosis.
Their parents completed the Child Behavior Checklist (CBCL), a widely
used measure of behavioral problems in studies of children. The study found
no substantial differences between groups classified by degree of fluorosis
in overall CBCL scores or in scores on two subscales: externalizing (aggres-
sive, hyperactive and antisocial behaviors typical of undercontrol or “acting
out”) and internalizing (behaviors of social withdrawal, depression and
anxiety typical of overcontrol or inhibition). The study was limited by the
fact that an aggregate measure of fluoride exposure was unrelated to enamel
fluorosis and few if any of the children had severe enamel fluorosis.

Several methodologic issues have hindered the assessment of the aes-
thetic importance of unattractive teeth in general and enamel fluorosis in
particular. First, assessing the perception of aesthetics is by its very nature
subjective. Second, it is not clear who should make judgments about the
aesthetic appearance of teeth. The perceptions of the affected individual, as
a child and in subsequent life, as well as those of parents, friends, teachers,
and other acquaintances can all be important. A sizeable proportion of
parents and children have expressed dissatisfaction with the color of teeth
even in the absence of enamel fluorosis. On the other hand, judgments made
by professionals might not reflect the perception of the public. Third, it is
difficult to place the condition of enamel fluorosis into the context of an
overall aesthetic assessment of a person’s appearance or facial attractiveness.
Cultural influences can play a role in how the condition is perceived. It also
appears that perceptions of the appearance of teeth can be modified by the
attractiveness of other facial features. Fourth, when the public or dental
professionals are asked to assess aesthetic acceptability, their perceptions
might change during the evaluation session.

From the standpoint of this committee’s charge to consider effects of
relatively high levels of water fluoride, the main points to note are that the
emphasis of research and discussion on psychological, behavioral, and social
effects of enamel fluorosis has been almost entirely on children and on the
mild and moderate forms of the condition that are more typical of lower
fluoride exposure levels. Research needs to focus specifically on severe enam-
el fluorosis in those areas in which it occurs with appreciable frequency. In
addition, research needs to include not only affected children while they
are still children, but after they move into adulthood. Finally, parents might
experience psychological and behavioral effects when their children develop
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enamel fluorosis, especially in its moderate and severe forms. Unfortunately,
research on parental effects is completely lacking.

Dental Caries in Relation to Water Fluoride Concentrations
of 2 mg/L and Higher

Many reports have discussed the inverse relationship between dental
caries and water fluoride at concentrations considerably lower than the
current MCLG of 4 mg/L and SMCL of 2 mg/L (Dean 1942; PHS 1991;
McDonagh et al. 2000a; CDC 2001). Fewer studies have been conducted in
the United States of overall caries experience in communities with naturally
occurring fluoride concentrations higher than those produced by fluorida-
tion. The studies of children are shown in Table 4-6. One study suggested
that the overall frequency of caries is reduced at approximately 4 mg/L com-
pared with approximately 1 mg/L (Englander and DePaola 1979). A study
of New Mexico adults gave similar results (Eklund et al. 1987). Another
study suggested little or no difference (Jackson et al. 1995) and another
gave mixed results (Selwitz et al. 1995). The evidence from these studies is
not persuasive that caries frequency is appreciably lower at approximately
4 mg/L than at approximately 2 mg/L or 3 mg/L. The evidence from studies
conducted in other countries is no more consistent (Binder 1973; Olsson
1979; Kunzel 1980; Chen 1989; Lewis et al. 1992; Warnakulasuriya et al.
19925 Yoder et al. 1998; Angelillo et al. 1999; Grobler et al. 2001).

Dental Caries in Relation to Severe Enamel Fluorosis

As previously noted, it is suspected within the dental research commu-
nity that the enamel pitting that occurs in severe fluorosis might increase
caries risk by reducing the thickness of the protective enamel layer and by
allowing food and plaque to become entrapped in enamel defects. The pos-
sibility is thus raised that in a community with a water fluoride concentra-
tion high enough to produce an appreciable prevalence of severe fluorosis,
the specific subset of children who develop this condition might be placed
at increased caries risk, independent of the effect of the fluoride itself on
the remainder of the population. The population of interest consists of
those children who develop severe enamel fluorosis at 4 mg/L. If the water
fluoride concentration were reduced to below 2 mg/L, few if any of these
children would still develop severe enamel fluorosis. Many of them would
develop mild to moderate fluorosis, however, while others might develop
no fluorosis. It would be unreasonable, however, to assume that some
children would skip all the way down from severe fluorosis to no fluorosis
when the water concentration is reduced, while others would have mild to
moderate fluorosis at either concentration. As the desired fluorosis severity
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TABLE 4-6 Mean Number of Decayed, Missing and Filled Surfaces

123

(DMEFS) in Permanent Teeth by Water Fluoride Concentration in Studies
of Children in U.S. Communities with Water Fluoride Concentrations at
or Near the MCLG of 4 mg/L

Approximate
Water Fluoride
Age Number of Concentration Mean
Reference (years) Year Community Children (mg/L) DMFS
Englander and 12-15 NA  Kalamazoo, MI 315 1 51
DePaola (1979) Stickney, IL 312 1 4.5
Charlotte, NC 213 1 4.4
Midland, TX 311 5-7 2.4
Driscoll et al. ~ 8-11 1980 Kewanee, IL 157 1 2.0
(1983) Monmouth, IL 80 2 1.4
Abindgon and 110 3 1.0
Elmwood, IL
Bushnell, Ipava and 77 4 1.6
Table Grove, IL
Driscoll et al.  12-16 1980 Kewanee, IL 179 1 4.1
(1983) Monmouth, IL 63 2 2.7
Abindgon and 82 3 2.0
Elmwood, IL
Bushnell, Ipava and 59 4 2.6
Table Grove, IL
Heifetz et al. 8-10 1985 Kewanee, IL 156 1 1.5
(1988) Monmouth, IL 102 2 1.1
Abindgon and 112 3 0.8
Elmwood, IL
Bushnell, Ipava and 62 4 0.8
Table Grove, IL
Heifetz et al. 13-15 1985 Kewanee, IL 94 1 5.1
(1988) Monmouth, IL 23 2 2.9
Abindgon and 47 3 2.5
Elmwood, IL
Bushnell, Ipava and 29 4 3.9
Table Grove, IL
Selwitz et al. 8-10, 1990 Kewanee, IL 258 1 1.8
(1995) 14-16 Monmouth, IL 105 2 1.4
Abindgon and 117 3 1.4
Elmwood, IL
Bushnell, Ipava and 77 4 1.8
Table Grove, IL
Jacksonetal. 7-14 1992 Brownsburg, IN 117 1 4.4
(1995) Lowell, IN 101 4 4.3

NA: Not available.
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distribution is inherently unknown, a conservative approach is to compare
the children with severe fluorosis at 4 mg/L with children from their own
communities with mild to moderate fluorosis.

Results for such comparisons are summarized in Table 4-7 for studies
reporting the mean number of decayed, missing and filled tooth surfaces
(DMEFS), in Table 4-8 for studies reporting the number of decayed, missing
and filled teeth (DMFT), and in Table 4-9 for studies reporting the per-

TABLE 4-7 Mean Number of Decayed, Missing, and Filled Permanent
Tooth Surfaces (DMFS) among Children with Severe and Mild to
Moderate Enamel Fluorosis

Age Number of Mean
Country (reference) (years) Children Fluorosis Index and Range DMFS
United States 8-16 218 Dean very mild to moderate 1.6
(Driscoll et al. 1986) 54 Dean severe 3.0
Israel 15-16 83 Dean very mild to moderate 4.4
(Mann et al. 1987) 46 Dean severe 10.4
Israel 8-10 55 Dean very mild to moderate 1.2
(Mann et al. 1990) 6 Dean severe 1.8
Turkey 12-14 24 TSIF 1-3 1.7
(Ermis et al. 2003) 105 TSIF 4-7 1.9

TABLE 4-8 Mean Numbers of Decayed, Missing, and Filled Permanent
Teeth (DMFT) among Children with Severe and Mild to Moderate
Enamel Fluorosis

Age Number of Mean
Country (reference) (years) Children Fluorosis Index and Range DMFT
Taiwan 6-16 1,290 Dean very mild to moderate 1.7
(Chen 1989) 10 Dean severe 2.5
Sri Lanka 14 44 Dean mild 3.4
(Warnakulasuriya 48 Dean moderate to severe 3.3
et al. 1992)
Brazil 6-12 42 TFI 3-4 1.1
(Cortes et al. 1996) 18 TFI =25 1.3
Turkey 12-14 24 TSIF 1-3 1.2
(Ermis et al. 2003) 105 TSIF 4-7 1.3
Ethiopia 12-15 87 TFI 3-4 Ls
(Wondwossen et al. 89 TFI 5-7 2.4
2004)
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TABLE 4-9 Percentage of Teeth Scored as Decayed, Missing, Filled,
or with Caries among Children and Adults with Severe and Mild-to-
Moderate Enamel Fluorosis

Country Age Number of Range of Dean’s
(reference) (years) Teeth Persons Fluorosis Index Measure (%)
Ethiopia 6-7, All Mild to moderate Cavities
(Olsson 1979) 13-14 Severe 25
9
United States 8-16 All 218 Very mild to moderate Decayed or filled
(Driscoll et al. 54 Severe 4
1986) 20
United States  27-65 Molars 38 Mild to moderate Decayed, missing
(Eklund et al. 125 Severe or filled
1987) 43
40
Premolars 38 Mild to moderate 11
125 Severe 19
Anterior 38 Mild to moderate 3
125 Severe 6

centage of decayed, missing and filled teeth. Not all researchers reported
P-values for the specific contrasts in these tables. Moreover, the results are
not independent, as some researchers studied more than one age group or
reported results for more than one caries frequency measure or for more
than one type of teeth. Nevertheless, in 11 of the 14 available contrasts, the
measure of caries frequency was higher among those with severe fluorosis
than among those with mild to moderate forms. In some comparisons, the
differences were slight. Descriptively, the most pronounced differences were
for all teeth among children age 15-16 years in Israel (Mann et al. 1987,
Table 4-7), for all teeth among children age 8-16 years in Illinois (Driscoll et
al. 1986, Table 4-9), for premolars among adults age 27-65 in New Mexico
(Eklund et al. 1987, Table 4-9), and for all teeth among children ages 6-7
and 13-14 in Ethiopia (Olsson 1979, Table 4-9).

Mixed evidence comes from correlation or regression analyses. In stud-
ies in Uganda (Rwenyonyi et al. 2001) and Tanzania (Awadia et al. 2002),
statistically significant correlations were not observed (P > 0.05) between
severe fluorosis and caries frequency. A study of children in a South African
community with a water fluoride concentration of 3 mg/L and a 30% preva-
lence of severe fluorosis reported a positive correlation (P < 0.05) between
fluorosis scores on the Dean index and caries experience (DMFT) (Grobler
et al. 2001). In the same study, no correlation between fluorosis and caries
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frequency was found in two other communities with water fluoride concen-
trations of 0.5 and 0.2 mg/L, in which the prevalence of severe fluorosis was
1% and 0%, respectively.

The studies on severe enamel fluorosis and caries are limited by being
cross-sectional in design and conducted in a wide range locales. In most of
the studies, there was no adjustment for oral hygiene, dental care, or other
determinants of caries risk. Moreover, as previously noted, measures of
the role of chance (i.e., confidence intervals or P-values) are not available
for the specific contrasts of interest to the present report. Nevertheless, the
hypothesis of a causal link between severe enamel fluorosis and increased
caries risk is plausible and the evidence is mixed but supportive.

OTHER DENTAL EFFECTS

Fluoride may affect tooth dentin as well as enamel. The patterns of
change observed in bone with age also occur in dentin, a collagen-based
mineralized tissue underlying tooth enamel. Dentin continues to grow in
terms of overall mass and mineral density as pulp cells deposit more matrix
overall and more mineral in the dentin tubules. Several investigators have
observed that, like older bone, older dentin is less resistant to fracture and
tends to crack more easily (Arola and Reprogel 2005; Imbeni et al. 2005;
Wang 2005). Aged dentin tends to be hypermineralized and sclerotic, where
the dentin tubules have been filled with mineral and the apatite crystals are
slightly smaller (Kinney et al. 2005), which could be significant because, as
dentin ages in the presence of high amounts of fluoride, the highly packed
fluoride-rich crystals might alter the mechanical properties of dentin as they
do in bone (see Chapter 5). Unlike bone, however, dentin does not undergo
turnover. Some preliminary studies show that fluoride in dentin can even
exceed concentrations in bone and enamel (Mukai et al. 1994; Cutress et
al. 1996; Kato et al. 1997; Sapov et al. 1999; Vieira et al. 2004). Enamel
fluorosis, which accompanies elevated intakes of fluoride during periods of
tooth development, results not only in enamel changes as discussed above
but also in dentin changes. It has now been well established that fluoride is
elevated in fluorotic dentin (Mukai et al. 1994; Cutress et al. 1996; Kato
et al. 1997; Sapov et al. 1999; Vieira et al. 2004). Whether excess fluoride
incorporation in fluorotic teeth increases the risk for dentin fracture remains
to be determined, but the possibility cannot be ruled out.

Questions have also been raised about the possibility that fluoride may
delay eruption of permanent teeth (Kunzel 1976; Virtanen et al. 1994; Leroy
et al. 2003). The hypothesized mechanisms for this effect include prolonged
retention of primary teeth due to caries prevention and thickening of the
bone around the emerging teeth (Kunzel 1976). However, no systematic
studies of tooth eruption have been carried out in communities exposed
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to fluoride at 2 to 4 mg/L in drinking water. Delayed tooth eruption could
affect caries scoring for different age groups.

FINDINGS

One of the functions of tooth enamel is to protect the dentin and, ulti-
mately, the pulp from decay and infection. Severe enamel fluorosis compro-
mises this health-protective function by causing structural damage to the
tooth. The damage to teeth caused by severe enamel fluorosis is a toxic effect
that the majority of the committee judged to be consistent with prevailing
risk assessment definitions of adverse health effects. This view is consistent
with the clinical practice of filling enamel pits in patients with severe enamel
fluorosis and restoring the affected teeth.

In previous reports, all forms of enamel fluorosis, including the severest
form, have been judged to be aesthetically displeasing but not adverse to
health (EPA 1986; PHS 1991; IOM 1997; ADA 2005). This view has been
based largely on the absence of direct evidence that severe enamel fluorosis
results in tooth loss, loss of tooth function, or psychological, behavioral, or
social problems. The majority of the present committee finds the rationale
for considering severe enamel fluorosis only a cosmetic effect much weaker
for discrete and confluent pitting, which constitutes enamel loss, than it is
for the dark yellow to brown staining that is the other criterion symptom
of severe fluorosis. Moreover, the plausible hypothesis of elevated caries
frequency in persons with severe enamel fluorosis has been accepted by some
authorities and has a degree of support that, though not overwhelmingly
compelling, is sufficient to warrant concern. The literature on psychologi-
cal, behavioral, and social effects of enamel fluorosis remains quite meager.
None of it focuses specifically on the severe form of the condition or on
parents of affected children or on affected persons beyond childhood.

Two of the 12 members of the committee did not agree that severe
enamel fluorosis should now be considered an adverse health effect. They
agreed that it is an adverse dental effect but found that no new evidence has
emerged to suggest a link between severe enamel fluorosis, as experienced in
the United States, and a person’s ability to function. They judged that dem-
onstration of enamel defects alone from fluorosis is not sufficient to change
the prevailing opinion that severe enamel fluorosis is an adverse cosmetic
effect. Despite their disagreement on characterization of the condition, these
two members concurred with the committee’s conclusion that the MCLG
should prevent the occurrence of this unwanted condition.

Severe enamel fluorosis occurs at an appreciable frequency, approxi-
mately 10% on average, among children in U.S. communities with water
fluoride concentrations at or near the current MCLG of 4 mg/L. Strong
evidence exists of an approximate population threshold in the United States,
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such that the prevalence of severe enamel fluorosis would be reduced to
nearly zero by bringing the water fluoride levels in these communities down
to below 2 mg/L. There is no strong and consistent evidence that an appre-
ciable increase in caries frequency would occur by reducing water fluoride
concentrations from 4 mg/L to 2 mg/L or lower. At a fluoride concentration
of 2 mg/L, severe enamel fluorosis would be expected to become exceedingly
rare, but not be completely eradicated. Occasional cases would still arise for
reasons such as excessive fluoride ingestion (e.g., toothpaste swallowing),
inadvisable use of fluoride supplements, and misdiagnosis.

Despite the characterization of all forms of enamel fluorosis as cosmetic
effects by previous groups, there has been general agreement among them,
as well as in the scientific literature, that severe and even moderate enamel
fluorosis should be prevented. The present committee’s consensus finding
that the MCLG should be set to protect against severe enamel fluorosis is in
close agreement with conclusions by the Institute of Medicine (IOM 1997),
endorsed recently by the American Dental Association (ADA 2005). As
shown in Table 4-10, between 25% and 50% of U.S. children in communi-
ties with drinking water containing fluoride at 4 mg/L would be expected to
consume more than the age-specific tolerable upper limits of fluoride intake
set by IOM. Results from the Iowa Fluoride Study (Levy 2003) indicate that
even at water fluoride levels of 2 mg/L and lower, some children’s fluoride
intake from water exceeds the IOM’s age-specific tolerable upper limits
(Table 4-11).

For all age groups listed in Table 4-10, the IOM’s tolerable upper intake
values correspond to a fluoride intake of 0.10 mg/kg/day (based on default
body weights for each age group; see Appendix B). Thus, the exposure esti-
mates in Chapter 2 also showed that the IOM limits would be exceeded at 2
mg/L for nonnursing infants at the average water intake level (Table 2-14).
Specifically, as described in Chapter 2 (Tables 2-14 and 2-135), nonnursing

TABLE 4-10 Tolerable Upper Fluoride Intakes and Percentiles of the U.S.
Water Intake Distribution, by Age Group

Tolerable Upper Intake

(IOM 1997) Wiater Intake, mL/day (EPA 2004)
Fluoride, Water, mL/day
Age Group mg/day (at 4 mg/L) 50th Percentile 75th Percentile
0-6 months 0.7 175 42 585
7-12 months 0.9 225 218 628
1-3 years 1.3 325 236 458
4-8 years 2.2 550 3167 5744

9Ages 4-6 years. For ages 7-10 years, the 50th percentile is 355 mL/day and the 75th
percentile is 669 mL/day.
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TABLE 4-11 Comparison of Intakes from Drinking Water? from the
Iowa Fluoride Study and IOM’s Upper Tolerable Intakes

Percentiles of Towa Fluoride Study
Distribution (mg/day)

Age, IOM Tolerable Upper

months Intake (mg/day) 75th 90th Maximum
3 0.7 0.7 1.1 6.7

12 0.9 0.4 0.7 6.0

24 1.3 0.4 0.6 2.1

36 1.3 0.5 0.7 1.7

9Fluoride concentrations in drinking water ranged from <0.3 to 2 mg/L.

SOURCE: Levy 2003.

infants have an average total fluoride intake (all sources except fluoride
supplements) of 0.144 and 0.258 mg/kg/day at 2 and 4 mg/L fluoride in
drinking water, respectively. Corresponding values are 0.090 and 0.137
mg/kg/day for children 1-2 years old and 0.082 and 0.126 mg/kg/day for
children 3-5 years old. Furthermore, at EPA’s current default drinking water
intake rate, the exposure of infants (nursing and non-nursing) and children
1-2 years old would be at or above the IOM limits at a fluoride concentra-
tion of 1 mg/L (Table 2-13). For children with certain medical conditions as-
sociated with high water intake, estimated fluoride intakes from all sources
(excluding fluoride supplements) range from 0.13-0.18 mg/kg/day at 1 mg/L
to 0.23-0.33 mg/kg/day at 2 mg/L and 0.43-0.63 mg/kg/day at 4 mg/L.

IOM’s tolerable upper limits were established to reduce the prevalence
not only of severe fluorosis, but of moderate fluorosis as well, both of which
ADA (2005) describes as unwanted effects. The present committee, in con-
trast, focuses specifically on severe enamel fluorosis and finds that it would
be almost eliminated by a reduction of water fluoride concentrations in the
United States to below 2 mg/L. Despite this difference in focus, the commit-
tee’s conclusions and recommendations with regard to protecting children
from enamel fluorosis are squarely in line with those of IOM and ADA.

The current SMCL of 2 mg/L is based on a determination by EPA that
objectionable enamel fluorosis in a significant portion of the population is
an adverse cosmetic effect. EPA defined objectionable enamel fluorosis as
discoloration and/or pitting of teeth. As noted above, the majority of the
committee concludes it is no longer appropriate to characterize enamel
pitting as a cosmetic effect. Thus, the basis of the SMCL should be discol-
oration of tooth surfaces only.

The prevalence of severe enamel fluorosis is very low (near zero) at
fluoride concentrations below 2 mg/L. However, from a cosmetic stand-
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point, the SMCL does not completely prevent the occurrence of moderate
enamel fluorosis. EPA has indicated that the SMCL was intended to reduce
the severity and occurrence of the condition to 15% or less of the exposed
population. No new studies of the prevalence of moderate enamel fluorosis
in U.S. populations are available. Past evidence indicated an incidence range
of 4% to 15% (50 Fed. Reg. 20164 [1985]). The prevalence of moderate
cases that would be classified as being of aesthetic concern (discoloration of
the front teeth) is not known but would be lower than 15%. The degree to
which moderate enamel fluorosis might go beyond a cosmetic effect to create
an adverse psychological effect or an adverse effect on social functioning is
also not known.

RECOMMENDATIONS

¢ Additional studies, including longitudinal studies, of the prevalence
and severity of enamel fluorosis should be done in U.S. communities with
fluoride concentrations higher than 1 mg/L. These studies should focus on
moderate and severe enamel fluorosis in relation to caries and in relation to
psychological, behavioral, and social effects among affected children, their
parents, and affected children after they become adults.

e Methods should be developed and validated to objectively assess
enamel fluorosis. Consideration should be given to distinguishing between
staining or mottling of the anterior teeth and of the posterior teeth so that
aesthetic consequences can be more easily assessed.

® More research is needed on the relation between fluoride exposure
and dentin fluorosis and delayed tooth eruption patterns.
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Musculoskeletal Effects

This chapter evaluates the effects of fluoride exposure on the musculosk-
eletal system. Topics considered include the effects of fluoride on bone cells
(both bone-forming and bone-resorbing cells), on the developing growth
plate, and on articular cartilage as it may relate to arthritic changes. New
data on the effects of fluoride on skeletal architecture, bone quality, and
bone fracture are also considered. Information on bone cancer is provided
in Chapter 10. Effects on tooth development and other issues of oral biology
are discussed in Chapter 4.

CHEMISTRY OF FLUORIDE
AS IT RELATES TO MINERALIZING TISSUES

Fluoride is the ionic form of the element fluorine. Greater than 99% of
the fluoride in the body of mammals resides within bone, where it exists in
two general forms. The first is a rapidly exchangeable form that associates
with the surfaces of the hydroxyapatite crystals of the mineralized compo-
nent of bone. Fluoride in this form may be readily available to move from
a bone compartment to extracellular fluid. Bone resorption is not necessary
for the release of fluoride in this form. However, the predominant form of
fluoride in bone resides within the hydroxyapatite crystalline matrix.

Hydroxyapatite is the mature form of a calcium phosphate insoluble
salt that is deposited in and around the collagen fibrils of skeletal tissues.
The formula for pure hydroxyapatite is CA,(PO,) OH,. It results from
the maturation of initial precipitations of calcium and phosphate during
the mineralization process. As the precipitate matures, it organizes into
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hexagonal, terraced hydroxyapatite crystals. Recent analysis of bone min-
eral indicates that a significant proportion of the hydroxyapatite crystal is
a form of carbonated apatite, where carbonyl groups (CO;") replace some
of the OH~ groups. Carbonated apatite is more soluble than hydroxyapatite
at acid pH. Fluoride incorporation into the crystalline structure of bone
mineral occurs with the creation of a form of apatite known as fluoroapatite
(or fluorapatite). The formula for this form of the crystal is Ca,,(PO,)F,
or Ca, (PO, ,OHE These crystals also take on a hexagonal shape and are
found in terraced layers but, depending on the extent of fluoride in the
crystal, may be somewhat more elongated than pure hydroxyapatite. Be-
cause fluoroapatite is less soluble in acidic solutions than hydroxyapatite,
it was expected that fluoride incorporation into bone might actually make
the tissue stronger. However, this has proven not to be the case in human
studies (see below).

Release of fluoride from bone when it is in the form of fluoroapatite
requires osteoclastic bone resorption. Acidification of the mineral matrix
by the osteoclast is sufficient to solubilize the fluoroapatite and allow free
exchange with extracellular fluids. Once released, the effect of fluoride on
bone cells may be evident; however, the form in which fluoride has its effect
remains under debate. Some investigators contend that fluoride directly af-
fects bone cells, but others claim that the effect must be mediated by fluoride
while in a complex with aluminum.

Do fluroaluminate complexes exist in biological fluids? The answer to
this question depends in large part on pH, protein concentration, and cell
composition. However, in general, in the acid environment of the stomach
much of the aluminum and fluoride exist in a complex of AlF; or AlF,".
These forms (mostly AlF;) have been purported to cross the intestine and
enter cells (Powell and Thompson 1993). Once inside a bone cell the AIF
form appears to activate a specific protein tyrosine kinase through a G
protein and evoke downstream signals. A more complete discussion of this
process is presented in a later section of this chapter.

The prolonged maintenance of fluoride in the bone requires that uptake
of the element occurs at the same or greater rate than its clearance. This
appears to be the case. (See Chapter 3 for more detailed discussion of the
pharmacokinetic data on fluoride.) Turner et al. (1993) put forward a math-
ematical model that appears to fit the known pharmacokinetic data. This
model assumes that fluoride influx into bone is a nonlinear function. This
assumption is supported by pharmacokinetic data (Ekstrand et al. 1978;
Kekki et al. 1982; Ekstrand and Spak 1990) and is required for the model
to accurately predict fluoride movements. Another reasonable assumption is
that the bulk of fluoride that moves between the skeleton and the extracel-
lular fluid is due to bone remodeling. That is, most of the fluoride is either
influxing or effluxing as a result of cellular activity. The outcome of the
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Turner model predicts that (1) fluoride uptake is positively associated with
the bone remodeling rate and (2) fluoride clearance from the skeleton takes
at least four times longer than fluoride uptake. A key correlate to the first
prediction is that the concentration of fluoride in bone does not decrease
with reduced remodeling rates. Thus, it appears that fluoride enters the bone
compartment easily, correlating with bone cell activity, but that it leaves the
bone compartment slowly. The model assumes that efflux occurs by bone
remodeling and that resorption is reduced at high concentrations of fluoride
because of hydroxyapatite solubility. Hence, it is reasonable that 99% of
the fluoride in humans resides in bone and the whole body half-life, once
in bone, is approximately 20 years (see Chapter 3 for more discussion of
pharmacokinetic models).

The effects of fluoride on bone quality are evident but are less well
characterized than its effects on bone cells. Bone quality is an encompassing
term that may mean different things to different investigators. However, in
general it is a description of the material properties of the skeleton that are
unrelated to skeletal density. In other words, bone quality is a measure of
the strength of the tissue regardless of the mass of the specimen being tested.
It includes parameters such as extent of mineralization, microarchitecture,
protein composition, collagen cross linking, crystal size, crystal composi-
tion, sound transmission properties, ash content, and remodeling rate. It has
been known for many years that fluoride exposure can change bone quality.
Franke et al. (1975) published a study indicating that industrial fluoride
exposure altered hydroxyapatite crystal size and shape. Although the mea-
surements in their report were made with relatively crude x-ray diffraction
analyses, they showed a shorter and more slender crystal in subjects who
were aluminum workers and known to be exposed to high concentrations
of fluoride. Other reports documenting the effects of fluoride on ultrasound
velocities in bone, vertebral body strength, ash content, and stiffness have
shown variable results (Lees and Hanson 1992; Antich et al. 1993; Rich-
ards et al. 1994; Zerwekh et al. 1997a; Segaard et al. 1994, 1995, 1997);
however, the general conclusion is that, although there may be an increase in
skeletal density, there is no consistent increase in bone strength. A carefully
performed comparison study between the effects of fluoride (2 mg/kg/day)
and alendronate in minipigs likely points to the true effect: “in bone with
higher volume, there was less strength per unit volume, that is, . . . there
was a deterioration in bone quality” (Lafage et al. 1995).

EFFECT OF FLUORIDE ON CELL FUNCTION

Two key cell types are responsible for bone formation and bone resorp-
tion, the osteoblast and osteoclast, respectively. Osteoprogenitor cells give
rise to osteoblasts. Osteoprogenitor cells are a self-renewing population of
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cells that are committed to the osteoblast lineage. They originate from mes-
enchymal stem cells. Osteoblasts contain a single nucleus, line bone surfaces,
possess active secretory machinery for matrix proteins, and produce very
large amounts of type I collagen. Because they also produce and respond to
factors that control bone formation as well as bone resorption, they play a
critical role in the regulating skeletal mass. Osteoclasts are giant, multinucle-
ated phagocytic cells that have the capability to erode mineralized bone ma-
trix. They are derived from cells in the monocyte/macrophage lineage. Their
characteristic ultrastructural features allow them to resorb bone efficiently
by creating an extracellular lysosome where proteolytic enzymes, reactive
oxygen species, and large numbers of protons are secreted. Osteoclastogen-
esis is controlled by local as well as systemic regulators.

Effect of Fluoride on Osteoblasts

Perhaps the single clearest effect of fluoride on the skeleton is its stimu-
lation of osteoblast proliferation. The effect on osteoblasts was surmised
from clinical trials in the early 1980s documenting an increase in vertebral
bone mineral density that could not be ascribed to any effect of fluoride
on bone resorption. Biopsy specimens confirmed the effect of fluoride on
increasing osteoblast number in humans (Briancon and Meunier 1981; Har-
rison et al. 1981). Because fluoride stimulates osteoblast proliferation, there
is a theoretical risk that it might induce a malignant change in the expanding
cell population. This has raised concerns that fluoride exposure might be
an independent risk factor for new osteosarcomas (see Chapter 10 for the
committee’s assessment).

The demonstration of an effect of fluoride on osteoblast growth in vitro
was first reported in 1983 in avian osteoblasts (Farley et al. 1983). This
study showed that fluoride stimulated osteoblast proliferation in a biphasic
fashion with the optimal mitogenic concentration being 10 pM. The find-
ing that fluoride displayed a biphasic pattern of stimulation (achieving a
maximal effect at a specific concentration and declining from there) suggests
that multiple pathways might be activated. It is possible that low, subtoxic
doses do stimulate proliferation, but at higher doses other pathways re-
sponsible for decreasing proliferation or increasing apoptosis might become
activated. This thinking suggested that fluoride might have multiple effects
on osteoblasts and that might be the reason for some paradoxical findings
in the clinical literature (see below). Nevertheless, the characteristics of the
fluoride effect point clearly to a direct skeletal effect. Some of these char-
acteristics are as follows: (1) the effects of fluoride on osteoblasts occur at
low concentrations in vivo and in vitro (Lau and Baylink 1998); (2) fluoride
effects are, for the most part, skeletal specific (Farley et al. 1983; Wergedal
et al. 1988); (3) fluoride effects may require the presence of a bone-active
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growth factor (such as insulin-like-growth factor I or transforming growth
factor PB) for its action (Farley et al. 1988; Reed et al. 1993); and (4) fluoride
affects predominantly osteoprogenitor cells as opposed to mature function-
ing osteoblasts (Bellows et al. 1990; Kassem et al. 1994).

Understanding the subcellular signaling mechanisms by which fluoride
affects osteoblasts is of paramount importance. Information in this area
has the potential to determine whether the fluoride effects are specific,
whether toxicity is an issue, and what concentration may influence bone
cell function. Moreover, as the pathways become more clearly defined, other
targets might emerge. Two hypotheses in the literature describe the effect
of fluoride. Both state that the concentration of tyrosine phosphorylated
signal pathway intermediates is elevated after fluoride exposure. However,
the means by which this occurs differs in the hypotheses. One view is that
fluoride blocks or inhibits the activity of a phosphotyrosine phosphatase,
thereby increasing the pool of tyrosine-phosphorylated proteins. The other
view supports an action of fluoride (along with aluminum) on the stimu-
lation of tyrosine phosphorylation that would also increase the pool of
tyrosine-phosphorylated proteins. In the first hypothesis, growth factor
activation of the Ras-Raf-MAP kinase pathway would involve stimulation
of phosphotyrosine kinase activity. This is mediated by a family of cytosolic
G proteins with guanosine triphosphate acting as the energy source. In
the presence of fluoride, a sustained high concentration of tyrosine-phos-
phorylated proteins would be maintained because of the inability of the
cell to dephosphorylate the proteins. This theory implicates the existence
of a fluoride-sensitive tyrosine phosphatase in osteoblasts. Such an enzyme
has been identified and purified. It appears to be a unique osteoblastic acid
phosphatase-like enzyme that is inhibited by clinically relevant concentra-
tions of fluoride (Lau et al. 1985, 1987, 1989; Wergedal and Lau 1992).
The second hypothesis supports the belief that an AIF complex activates
tyrosine phosphorylation directly. Data from this viewpoint indicate that
fluoride alone does not stimulate tyrosine phosphorylation but rather that it
requires the presence of aluminum (Caverzasio et al. 1996). The purported
mechanism is that the MAP kinase pathway is activated by AlF, which
triggers the proliferation response. A novel tyrosine kinase, Pyk2, has been
identified that is known to be activated by AIF  through a G-protein-coupled
response and might be responsible for this effect (Jeschke et al. 1998). Two
key pieces of evidence that support a G-protein-regulated tyrosine kinase
activation step in the fluoride effect are that the mitogenic effect of fluoride
can be blocked by genistein (a protein tyrosine kinase inhibitor) and pertus-
sis toxin (a specific inhibitor of heterotrimeric G proteins) (Caverzasio et al.
1997; Susa et al. 1997).

At least two other potential mechanisms deserve mention. Kawase and
Suzuki (1989) suggested that fluoride activates protein kinase C (PKC),
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and Farley et al. (1993) and Zerwekh et al. (1990) presented evidence that
calcium influx into the cells might be a signal for the fluoride-mediated
stimulation of proliferation.

In summary, the in vitro effects of fluoride on osteoblast proliferation
appear to involve, at the least, a regulation of tyrosine-phosphorylated pro-
teins. Whether this occurs through activation of MAP kinases, G proteins,
phosphatases, PKC, or calcium (or a combination) remains to be deter-
mined. Whatever the mechanism, however, it is evident that fluoride has an
anabolic activity on osteoblasts and their progenitors.

The effects of fluoride on osteoblast number and activity in in vivo
studies and clinical trials essentially parallel the in vitro findings. Most
reports document increased osteoblast number; however, some investiga-
tors have documented a complex and paradoxical effect of fluoride in
patients with skeletal fluorosis. Boivin et al. (1989, 1990) reported that,
in biopsy bone cores taken from 29 patients with skeletal fluorosis of vari-
ous etiologies (0.79% = 0.36% or 7,900 = 3,600 milligrams per kilogram
[mg/kg] of bone ash), there is an apparent increase in the production of
osteoblasts with a concomitant increase in a toxic effect of fluoride at the
cell level. They provided data to indicate that chronic exposure to fluoride
in both endemic and industrially exposed subjects led to an increase in
bone volume, an increase in cortical width, and an increase in porosity.
However, there was no reduction in cortical bone mass. Osteoid param-
eters (unmineralized type I collagen) were also significantly increased in
fluorotic patients. Interestingly, the fluorotic group had more osteoblasts
than the control group, with a very high proportion of quiescent, flattened
osteoblasts, but the mineral apposition rate was significantly decreased. It
appeared as though the increased numbers of quiescent cells were in a pro-
longed inactive period. Thus, the conclusion drawn by these investigators
was that fluoride exposure increased the birth rate of new osteoblasts, but
at high concentrations there was an independent toxic effect on the cells
that blocked the full manifestation for the increase in skeletal mass. Boivin
et al. used a fluoride-specific electrode for measurements in acidified speci-
mens of human bone. As a point of reference to the above findings, they
found that normal control subjects (likely not to have lived in areas with
water fluoridation) have mean fluoride content in bone ash (from iliac crest
samples) ranging from 0.06% to 0.10% (600 to 1,000 mg/kg); untreated
osteoporotic patients range from 0.05% to 0.08% (500 to 800 mg/kg);
NaF-treated osteoporotic patients range from 0.24% to 0.67% (2,400 to
6,700 mg/kg) depending on duration of therapy; and skeletal fluorosis pa-
tients range from 0.56% to 1.33% (5,600 to 13,300 mg/kg) depending on
the source and level of exposure (Boivin et al. 1988). All these ranges are
of mean concentrations of fluoride and not individual measurements.
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Effect of Fluoride on Osteoclasts

The effects of fluoride on osteoclast activity, and by extension the rate
of bone resorption, are less well defined than its effects on osteoblasts. In
general, there appears to be good evidence that fluoride decreases osteoclas-
togenesis and osteoclast activity in in vitro systems; however, its effect in in
vivo systems is equivocal. This may be due, in part, to the systemic effects
of fluoride in whole animals or humans. A further discussion on this point
appears below.

Most reports in the literature studying the effect of fluoride on osteo-
clast function indicate an inhibition. In fact, the effect might be mediated
through G-protein-coupled pathways as in the osteoblast. Moonga et al.
(1993) showed that fluoride, in the form of AlF, resulted in a marked
concentration-dependent inhibition of bone resorption. In association with
this inhibition, they found a marked increase in the secretion of tartrate-
resistant acid phosphatase (TRAP). TRAP presumably originated from the
osteoclast; however, its function as a secreted enzyme is not known. The
fluoride effect was reproduced with cholera toxin, another Gs stimulator.
This effect does not appear to be mediated solely by an AIF_complex be-
cause studies using NaF have reported similar findings (Taylor et al. 1989,
1990; Okuda et al. 1990).

Further evidence that fluoride might blunt osteoclastic bone resorption
was reported in a study that investigated acid production as a critical feature
of osteoclastic function. The pH within osteoclasts can be measured with
the proton-sensitive dye acridine orange. Studies in which osteoclasts were
observed found that parathyroid hormone induced osteoclast acidity but
that calcitonin, cortisol, and NaF all blocked the effect. As acidification of
the matrix is required for normal osteoclast function, fluoride, in this case,
would act as an inhibitor to bone resorption (Anderson et al. 1986).

The effects of fluoride on bone resorption and osteoclast function
in vivo present a complex picture. Some well-controlled animal studies
document a decrease in osteoclast (as well as odontoclast) activity. In these
studies, rodents and rabbits were exposed to doses of fluoride ranging from
clinically relevant to high. Time courses ranged from days to weeks, and
the findings indicated a statistically significant decrease in the number and
activity of resorbing cells (Faccini 1967; Lindskog et al. 1989; Kameyama
et al. 1994). Other studies documented little or no statistically significant
effect of fluoride on osteoclast activity (Marie and Hott 1986; Huang 1987).
Yet other work that utilized skeletal turnover and remodeling showed an
increase in resorption after fluoride therapy (Kragstrup et al. 1984; Snow
and Anderson 1986). These studies based their conclusions on the initiation
of basic multicellular units (BMUs) and extent of remodeling surface. In
the field of skeletal research, it has been accepted that adult bone remodels
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itself through the generation of BMUs. This unit is a temporal description
of remodeling starting with osteoclastic bone resorption and progressing
through a coupled stimulation of bone formation. All BMU activity, thus, is
initiated with the action of an osteoclast. An increase in remodeling surface
also implies an increase in BMUs. Snow and Anderson (1986) and Kragstrup
et al. (1984) demonstrated an increase in resorption under the influence of
fluoride by measuring BMU numbers and remodeling surface, respectively.
Because these data were derived from intact in vivo animal models, the
investigators could not conclude that the effects of fluoride on osteoclastic
bone resorption were direct.

It is interesting that only a single report has appeared that links fluoride
exposure to the receptor activator of NF kappaB (RANK) ligand, RANK
receptor, or osteoprotegerin (OPG) concentrations. These molecules have
recently been characterized as end-stage regulators of osteoclast formation
and activity (Lee and Kim 2003). RANK ligand is produced by a variety
of cells, with osteoblasts being the most prominent. In its usual form, it is
a membrane-associated factor that binds to the RANK receptor on pre-
osteoclasts and induces their further differentiation. OPG is a decoy RANK
receptor that is an endogenous inhibitor of bone resorption by virtue of its
ability to bind RANK ligand. A clinical trial by von Tirpitz et al. (2003)
showed that both fluoride and bisphosphonate therapy decreased OPG
concentrations. If this were a direct effect of fluoride, one would expect
to see an increase in bone resorption. Conversely, if fluoride blocked bone
resorption, the decrease in OPG concentrations could be due to a compen-
satory feedback pathway. Unfortunately, there were not enough histologic
or biochemical marker data in this report to determine whether the fluoride
effect was direct or indirect.

EFFECTS OF FLUORIDE ON HUMAN SKELETAL METABOLISM

Bone Strength and Fracture

Cellular and Molecular Aspects

Inducing a permanent alteration of skeletal mass in an adult human (or
experimental animal) is quite difficult, because bone, as an organ system,
possesses an innate mechanism for self-correction. That is, rates of bone
formation are controlled, for the most part, by rates of bone resorption. As
osteoclastic bone resorption increases or decreases, there is a compensatory
increase or decrease in the rate of osteoblastic bone formation. This coupling
between the two cell activities was first described by Hattner et al. (1965),
and is responsible for the maintenance of a steady-state skeletal mass in
adults. These early results indicate that effective management of skeletal
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mass would require controlling both cell processes. However, until recently,
the only therapies approved by the U.S. Food and Drug Admnistration for
treating osteoporosis in the United States targeted only osteoclastic bone
resorption. They included molecules such as the bisphosphonates, estrogen
and its analogs, and calcitonin derivatives. Currently, teraparitide is avail-
able as the only approved treatment that acts to stimulate osteoblastic bone
formation. Fluoride falls into this category and that is the reason why there
was such great interest in this ion as a potential therapy for osteoporosis.
Unfortunately, fluoride did not prove to be an effective treatment for two
major reasons. First, although it showed robust stimulation of bone mineral
density (see below), its effects as an agent to reduce fractures have never
been unequivocally documented. Second, because this naturally occurring
element cannot be protected with a patent, the pharmaceutical industry has
not been interested in investigating all its potential.

The first clinical trials of fluoride in humans were performed by Rich
and Ensinck (1961). Since then many hundreds of reports have appeared
in the medical literature. The overwhelming weight of evidence in these re-
ports documents the effect of fluoride, at therapeutic doses, to be that of an
increase in bone mineral density. The lowest dose of NaF to show a clear in-
crease in bone mineral density was 30 mg/day, although there may be effects
at lower doses (Hansson and Roos 1987; Kleerekoper and Balena 1991).
Response was linear with time for at least 4 to 6 years (Riggs et al. 1990).
This linear relationship was confirmed in another study lasting more than
10 years (Kleerekoper and Balena 1991). The observation that bone mineral
density continues to increase with time is not surprising in and of itself;
however, it differs from the action of the antiresorptive bisphosphonates.
Whereas agents that depress bone resorption are most effective when the
rate of bone remodeling is high, there appears to be no relationship between
the rate of remodeling and the response to fluoride. Also, in contrast to the
recent data demonstrating a persistence of bone density with the discontinu-
ance of bisphosphonate therapy, discontinuance of fluoride therapy leads to
immediate resumption of bone density loss (Talbot et al. 1996).

The dose and duration of fluoride exposure are critical components in
determining the effects of the ingested ion on bone. In addition, approxi-
mately 30% of patients do not respond to fluoride at any dose (Kleerekoper
and Mendlovic 1993). Moreover, there are wide variations in bioavailability
among patients and fluoride preparations, and individual responses to the
ion also vary widely (Boivin et al. 1993; Erlacher et al. 1995). Whereas the
daily dose of fluoride in randomized therapeutic trials (20 to 34 mg/day)
exceeds that for people drinking water with fluoride at 4 mg/L (4 to 8 mg/
day for 1 to 2 L/day), the latter may be exposed much longer, leading to
comparable or higher cumulative doses and bone fluoride concentrations
(see discussion later in this chapter.)
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Allolio and Lehmann (1999) noted that the peak blood concentrations
of fluoride after swallowing 8 oz of water (at 1.0 pg/L) all at once will
reach 8.75 pg/L. If peak blood concentrations are proportional to water
concentration, then consumption of 8 oz of water containing fluoride at 4
mg/L would produce peak concentrations below the threshold for effects
on osteoblasts examined in vitro (95 ng/mL) (Ekstrand and Spak 1990). As-
suming that the blood fluoride concentrations decline between each episode
of water consumption of 8 oz or less, such exposures may not achieve a
concentration of fluoride in the extracellular fluids sufficient to affect bone
cells. A caveat to this analysis is that bone cells may be exposed to poten-
tially higher (but unknown) concentrations because of their proximity to the
mineralized bone compartment. There have been no direct measurements of
the local fluoride concentration around a site of bone resorption. However,
a calculation based on estimated rates of resorption, diffusion kinetics, and
starting concentration indicates that bone cells and other cells in the immedi-
ate vicinity may experience high concentrations of fluoride.

The conditions for an estimate of the fluoride concentration as a func-
tion of distance from the osteoclast are as follows:

1. The bone being resorbed has a fluoride content of 3,000 mg per kg
of bone ash.

2. Bone ash is assumed to include 65% of the volume of viable bone and
the density of viable bone is 1.2 g/cm?. Thus, the concentration of fluoride
in the bone compartment is approximately 5,500 pg/cm?>.

3. An osteoclast resorbs bone at an average rate of about 30,000 pm3
in 2.5 weeks.

4. The osteoclast is delivering fluoride to the extracellular fluid space
from a point source with a radius of 20 pm.

5. Diffusion occurs into a three-dimensional spherical space around the
osteoclast.

6. The diffusion coefficient of fluoride in extracellular fluid is approxi-
mately 1.5 x 1075 cm?/s.

Under these conditions, the following equation describes the concen-
tration of fluoride as a function of time and distance from the site of bone
resorption (Saltzman 2004):

SA 4Dt

(=9 " 2Dr\ 7
where C is the concentration of fluoride as a function of distance and time,

S is the delivery rate of fluoride from the resorption site, A is the radius
of the point source from which the fluoride is delivered, D is the diffusion
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coefficient of the fluoride, r is the distance from the resorption site, and t is
the time after commencement of the resorption. A graphical representation
of this function is presented in Figure 5-1.

An examination of the curves in Figure 5-1 indicates that the fluoride
concentration around a site of bone resorption can be quite high immediately
adjacent to the osteoclast. The theoretical maximum concentration at 20 pm
from the site (at the surface of the osteoclast) would be about 5,500 pg/cm?.
The concentration rapidly decays to zero in very short times at distances
greater than 100 pm from the site. However, it appears that a sustained
fluoride concentration is achieved in the range of hours and persists for the
entire resorption process. Thus, by 2.5 weeks, the concentration of fluoride
will be about 500 pg/cm? at a distance of 250 pm from the resorption site.

6,000
E 5000
h o T
E E 4,000
E B
E 3,000
o &
W b
:E g 2000
E 1,000 2.5 weeks
1 sec 1hr
0
0 T a0 100 150 200 250
i Microns
ST E

FIGURE 5-1 Concentration of fluoride plotted as a function of time and
distance from the site of bone resorption. Release of fluoride from a site of
bone resorption can achieve a near steady state concentration in a matter of
hours. Twenty microns was defined as the radius of the point source from
which fluoride was delivered to the extracellular fluid. Acknowledgement:
Hani Awad, University of Rochester, Rochester, New York, assisted in this
analysis.
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The concentration of fluoride tends toward zero at longer distances. This
modeling does not take into account any dissipation of fluoride due to flow
of extracellular fluid through the bone marrow compartment. A more com-
plete picture of the local concentration of fluoride around a resorption site
should include this factor; however, there are no data on which to base this
estimate. Thus, considering that within approximately 1 hour, the fluoride
concentration achieves an equilibrium in the surrounding volume, it is likely
that the actual fluoride concentration is less, but not substantially so.

Within 250 pm of a site of resorption, it is possible to encounter pro-
genitor cells that give rise to bone, blood, and fat. Thus, one must assume
that these cells would be exposed to high concentrations of fluoride. At this
time, it is not possible to predict what effect this exposure would have on
the functioning of skeletal elements, hematopoiesis, and adipose formation.
It should also be pointed out that the number of resorbing sites in an adult
skeleton at any point in time is quite small, on the order of 1 x 10° sites.
That is, of the vast surface area of trabecular bone in a human skeleton, only
about 1 million sites of bone resorption are occurring at any given moment.
Whether these elevated concentrations of fluoride have a meaningful effect
on bone metabolism can only be speculated at this time.

Some studies have measured the fluoride content of bone, but its effect
on a direct measurement of bone strength in humans is not easy to deter-
mine. Animal studies have provided some clues. Some studies have reported
a biphasic effect of fluoride on bone strength (Beary 1969; Rich and Feist
1970; Turner et al. 1992). For example, Turner et al. (1992) reported an
increase in bone strength in rats with bone fluoride concentrations up to
1,200 mg/kg, but they found a decrease in strength back to that of untreated
animals with concentrations around 6,000 to 7,000 mg/kg. Skeletal speci-
mens with fluoride concentrations greater than this appeared to have less
strength than control treated bone. A variable that may affect the analysis
of bone strength is the age of the animal (see Chapter 3). Turner et al.
(1995) performed another study in which they found little effect of fluoride
on bone strength at any concentration in young rats but a significant effect
in old rats. The predominant effect in the older animals clustered around
bone fluoride concentrations of 6,000 to 8,000 mg/kg (Turner et al. 1995).
Thus, whether fluoride has a biphasic effect on bone strength has not been
firmly established.

Other reports in the literature suggesting that fluoride might diminish
bone strength in animal models have appeared. Studies of rabbits by Turner
et al. (1997) and Chachra et al. (1999) have put forward the point of view
that fluoride exposure might decrease strength by altering the structural in-
tegrity of the bone microarchitecture. Turner et al. (1997) found no effects
of fluoride on a number of bone serum markers, but an increase in bone
formation and bone mass. However, this was accompanied by a decrease in
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bone strength at multiple sites. In a subsequent paper, these authors suggest
that the decrease in strength might be due to alterations in mineral crystal
structure (Chachra et al. 1999). Whether these results occur in humans
remains to be shown. A decrease in bone strength in a human population
will definitely increase the risk of fracture and there have been case reports
to document this, especially in subjects who may be highly susceptible to
accumulating fluoride, such as those with renal failure (Gerster et al. 1983).
A more complete discussion of the effects of fluoride in larger population
studies follows.

The applicability of rat studies to quantitatively assess risk of bone frac-
ture in humans is uncertain because of the physiological differences between
the skeletons of the species. For example, fluoride uptake into bone occurs
more readily in humans than in rats (see Chapter 3 and Appendix D). Rats
do not undergo Haversian remodeling in their cortical bones as humans
do. On the other hand, if fluoride affects bone properties through crystal
structure and the mineral-collagen interface, changes in rat bone strength
may provide a model for human bone strength (Turner et al. 1992). In addi-
tion, whereas the relationship between bone strength and fracture has been
studied in rodents, no comparable data are available for humans. The com-
mittee therefore judges that the rat experiments provide qualitative support
for an effect of fluoride on fractures in humans but cannot yet be used to
make quantitative risk estimates for this end point.

The qualifications noted above for rats do not apply as strongly to the
rabbit model. Rabbits undergo Haversian remodeling (i.e., osteoclast bone
resorption within cortical bone) as do humans (T. Hirano et al. 1999), and
the rabbit growth plate behaves more like a human than does a rat or mouse
(Zaleske et al. 1982; Irie et al. 2005). Thus, the rabbit is a better model for
studying bone effects than rats or mice.

Epidemiology Data

The committee reviewed epidemiologic data on the relationship between
fluoride exposure and fractures from two sources: observational studies
of exposure to fluoride in water and randomized clinical trials of the use
of fluoride in treating osteoporosis. Table 5-1 summarizes studies of bone
fracture in populations exposed to fluoride in drinking water. Most of these
studies have compared fluoridated (1 mg/L) and nonfluoridated areas. A
meta-analysis by McDonagh et al. (2000a, b) evaluated bone fractures in
relation to water fluoridation. Consequently, they excluded data from ar-
eas with drinking water fluoridated above 1 mg/L, if data at 1 mg/L were
available. Results for fractures were reported as evenly distributed around
the null—no effect—but statistical testing showed significant heterogeneity
among studies. Because the exposures evaluated in this paper did not spe-
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TABLE 5-1 Studies on Bone Fracture in Populations Exposed to Fluoride
in Drinking Water

Study Design  Country Subjects Exposure
Ecologic USA Residents of fluoridated Fluoridated
(national) and nonfluoridated Nonfluoridated
communities (age > (concentrations not specified)

65; n (fluoridated
communities) = 40
million; n (nonfluoridated
communities) = 30 million;
n (cases) = 218,951)

Ecologic USA Patients discharged with Fluoridated
(national) hip fracture in counties Nonfluoridated
throughout the USA (n = (concentrations not specified)
541,985)
Ecologic USA 5% of Medicare <0.3 mg/L (natural)
(national) population (ages 65 to 89;  20.7 mg/L (natural and
n [cases] = 59,383) artificial)
Ecologic USA Data from National Health 20.7 mg/L (natural); groups
(national) Interview Surveys (ages > assessed in terms of <20%
45; n = 44,031) or 280% of the population
exposed to fluoridated water
Prospective USA (Oregon, Women (ages > 65;n = Exposed to fluoridated or
cohort Minnesota, 5,781) nonfluoridated (concentrations
Maryland, not specified) water for 20
Pennsylvania) years
Ecologic USA Participants in another 10 years before and 10 years
(Minnesota) epidemiology project (ages  after fluoridation (1.1 mg/L)
> 50) was implemented
Prospective USA Women participating in 1.0 mg/L (artificial)
cohort (Pennsylvania) osteoporotic fracture study  0.15 mg/L (natural)
(ages = 65;n =2,076) Number of years of exposure:
0,1to0 10, 11 to 20, > 20
years
Ecologic USA (Utah) Hip fracture patients (ages 1 mg/L (artificial)
> 65;n = 246) <0.3 mg/L (natural)
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Observations Reference
Relative risk (RR) of hip fracture in fluoridated communities was 1.08 (95% Jacobsen
confidence interval [CI] 1.06 to 1.10) for women and 1.17 (95% CI 1.13 to et al. 1992

1.22) for men.

Lack of dose-response relationship between hip fracture risk and duration of
water fluoridation. Analyses of annual age-adjusted incidence rates by duration
of county water fluoridation showed a pattern of lowest risk in nonfluoridated
counties and highest risk in counties fluoridated for up to 5 years, but rates
gradually declined for longer durations.

Weak positive association (before and after adjustment) between hip fracture Jacobsen
incidence and percent of county residents who live in counties with fluoridated et al. 1990
water.

RR of hip fracture in the fluoridated group was 1.00 (95% CI 0.92 to 1.09) Karagas
for men and 1.01 (95% CI 0.96 to 1.06) for women. For ankle fracture, it et al. 1996

was 1.01 (95% CI 0.87 to 1.16) for men and 1.00 (95% CI 0.92 to 1.08) for
women. For fractures of the distal forearm and proximal humerus, a gender
difference in risk was found. For women, there was no association between
fluoridation and the two types of fractures. Men in fluoridated areas had a
23% higher risk of proximal humerus fracture (RR 1.23; 95% CI 1.06 to 1.43)
and a 16% higher risk of distal forearm fracture (RR 1.16; 95% CI .02 to

1.33).
Rate of hip fracture hospitalization per 1,000 in the population with <20% Madans
exposed was 2.4 for women and 1.0 for men. For the group with >80% etal. 1983

exposed, the rates were 2.2 for women and 1.1 for men.

RR after multivariate adjustment was 0.96 (95% CI 0.83 to 1.10; P = 0.536) Phipps

for nonvertebral fractures, 0.73 (95% CI 0.55 to 0.97; P = 0.033) for vertebral et al. 2000
fractures, 0.69 (95% CI 0.50 to 0.96; P = 0.028) for hip fractures, 0.85 (95%

CI0.58 to 1.23; P = 0.378) for humerus fractures, and 1.32 (95% CI 1.00 to

1.71; P = 0.051) for wrist fractures.

Incidence of hip fracture was 484 per 100,000 residents before fluoridation and  Jacobsen
450 per 100,000 residents after fluoridation. RR associated with fluoridation etal. 1993
was 0.63 (95% CI 0.46 to 0.86).

Axial and appendicular bone mass was similar between women exposed Cauley

to fluoride for >20 years and those exposed for <20 years. No significant etal. 1995
association was found between fluoride exposure and wrist, spinal, nonspinal,

osteoporotic, or hip fractures.

RR of hip fracture in the fluoridated population was 1.27 (90% CI 1.08 to Danielson
1.46) for women and 1.41 (95% CI 1.00 to 1.81) in men. et al. 1992
continued
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TABLE 5-1 Continued
Study Design  Country Subjects Exposure
Prospective USA (Iowa) Women from three 1 mg/L (w/Ca at 60 mg/L)
cohort communities with different 1 mg/L (w/Ca at 375 mg/L)
concentrations of fluoride 4 mg/L (w/Ca at 15 mg/L)
in water (ages 20-92, n =
1,300)
Prospective USA (Iowa) Women from 3 1 mg/L (w/Ca at 67 mg/L)
cohort communities with different 1 mg/L (w/Ca at 375 mg/L)
concentrations of fluoride 4 mg/L (w/Ca at 15 mg/L)
in water (ages 20-35 and
55-80; n = 158 [referents],
n = 230 [high fluoride])
Retrospective USA (Iowa) Women from 3 1 mg/L (w/Ca at 60 mg/L)
cohort communities with different 1 mg/L (w/Ca at 375 mg/L)
concentrations of fluoride 4 mg/L (w/Ca at 15 mg/L)
in water
Ecologic USA Female Medicaid recipients >89% of the population
(Michigan) (ages > 65) receives fluoridated water (2
groups)
<15% of the population
receives fluoridated water
Ecologic Canada Patients (ages 45 to 64, 0.3 mg/L
65+) with hip fracture in 1 mg/L
two cities
Case-control  United Patients with hip fractures  <0.9 mg/L (artificial)
Kingdom (ages = 50; n [cases]) = >0.9 mg/L (natural)
514; n [controls|= 527)
Ecologic England, Patients discharged from 0.005 to 0.93 mg/L (natural
Wales hospital after hip fracture  and artificial)
(ages 245;n =20,393)
Prospective France Subjects enrolled in 0.05 to 0.11 mg/L
cohort another study (ages > 65;n  0.11 to 0.25 mg/L
=3.216) >0.25 mg/L
Ecologic France Subjects enrolled in 0.05 to 0.11 mg/L
another study on aging 0.11 to 1.83 mg/L
(ages 2 65;n=3,777)
Ecologic Germany Residents of fluoridated 0.08 to 0.36 mg/L (natural)

and nonfluoridated
communities

0.77 to 1.20 mg/L (artificial)
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Observations Reference

RR for osteoporotic fractures was 2.55 (P = 0.07) in the 4 mg/L group. Serum  Sowers
fluoride concentrations were not related to osteoporotic fractures or bone et al. 2005
mineral density.

In the 4-mg/L group, RR of any fracture was 1.81 (95% CI 0.45 to 8.22) in Sowers
premenopausal women and 2.11 (95% CI 1.01 to 4.43) in postmenopausal etal. 1991
women. RR for fractures of the hip, wrist, or spine was 2.70 (95% CI

0.16 to 8.28) in premenopausal women and 2.20 (95% CI 1.07 to 4.69) in

postmenopausal women.

Postmenopausal women in the 4 mg/L group reported significantly more Sowers
fractures than the other two groups. et al. 1986
Long-bone fracture rates were 94.3 per 1,000 and 81.1 per 1,000 in the two Avorn and
populations that are > 89% fluoridated. The rate was 78.8 per 1,000 in the Niessen
population that was < 15% fluoridated. 1986

For men, ages 45 to 64, standardized hospital admission rates were 0.59 and Suarez-

0.535, respectively; for men over 63, rates were 5.09 and 4.52. For women, ages Almazor
45 to 64, corresponding rates were 0.60 and 0.71; and for ages over 63, they et al. 1993
were 9.54 and 9.91.

Estimated average lifetime exposure to fluoride in drinking water ranged from  Hillier
0.15 to 1.79 mg/L. Odds ratio associated with an average lifetime exposure to et al. 2000
2 0.9 mg/L was 1.0 (94% CI 0.7 to 1.5).

Discharge rates ranged from 0.88 to 2.30. No correlation was found between Cooper
discharge rates for patients with proximal femur fractures and water fluoride etal. 1990,
concentrations (r = 0.16, P = 0.34). 1991

Subsequent reanalysis of the data using a weighted least-squares technique
showed a positive correlation between fluoride concentrations and hip fracture
(r = 0.41, P = 0.009).

Odds ratio for hip fractures was 1, 3.25 (95% CI 1.66 to 6.38), and 2.43 (95% Jacqmin-

CI 1.11 to 5.33), respectively. Odds ratio for non-hip fractures was 1, 0.88 Gadda
(95% CI10.63 to 1.22), and 1.05 (95% CI 0.74 to 1.51). et al. 1998
Odds ratio for hip fractures were 1 and 1.86 (90% CI 1.02 to 3.36), Jacqmin-
respectively. Odds ratio for non-hip fractures were 1 and 0.98 (95% CI 0.80 to Gadda
1.21), respectively. etal. 1995
Mean annual incidence of hip fracture in the fluoridated community Lehmann
was 173.36 per 100,000 for women and 56.79 per 100,000 men. In the et al. 1998

nonfluoridated group, it was 189.35 per 100,000 in women and 56.60 per

100,000 in men.
continued
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TABLE 5-1 Continued
Study Design ~ Country Subjects Exposure
Ecologic Ttaly Residents of two counties  1.45 mg/L (natural)
0.05 mg/L (natural)
Retrospective  Finland Residents of a rural <0.1 mg/L
cohort location (n = 144,627) 0.11 to 0.30 mg/L (natural)
0.31 to 0.50 mg/L (natural)
0.51 to 1.00 mg/L (natural)
1.10 to 1.50 mg/L (natural)
>1.50 mg/L (natural)
Retrospective  Finland Premenopausal women in a  <0.3 mg/L (natural)
cohort province (ages 47 to 56; n 1 to 1.2 mg/L (artificial)
=3,222)
Ecologic Finland Patients with hip fracture <0.3 mg/L (natural)
(ages = 50) 1.0 to 1.2 mg/L (artificial)
>1.5 mg/L (natural)
Ecologic Finland Residents in two towns (n <0.1 mg/L
71,811 and n = 61,587) 1 mg/L
Retrospective China Residents of rural 0.25 to 0.34 mg/L (natural)
cohort communities exposed to 0.58 to 0.73 mg/L (natural)
various concentrations of 1.00 to 1.06 mg/L (natural)
fluoride in drinking water ~ 1.45 to 2.19 mg/L (natural)
(ages =2 50; n = 8,266) 2.62 to 3.56 mg/L (natural)
4.32 to 7.97 mg/L (natural
Ecologic Mexico Children (ages 6-12 years) ND to 1.5 mg/L (natural)
and adults (ages 13-60 1.51 to 4.99 mg/L (natural)
years) 5.0 to 8.49 mg/L (natural)
8.5 to 11.9 mg/L (natural)
>12 mg/L (natural)
Case-control  USA Women participating in the Concentrations in toenails

Nurses’” Health Study (ages
30-55; n [hip fracture] =
53; n [forearm fracture] =
188; n [controls] = 241)

<2.00 ppm
2.00 to 3.35 ppm
3.36 to 5.50 ppm
>5.50 ppm
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Observations Reference

Significantly greater rate of fracture incidence, particularly femur fractures (RR  Fabiani
for males 4.28 and for females 2.64), in the low-exposure community. et al. 1999

Age-and area-adjusted RRs for men were 1.0, 1.05 (95% CI 0.90 to 1.22), Kurttio
0.72 (95% CI1 0.51 to 1.02), 1.03 (95% CI 0.81 to 1.32), 0.67 (95% CI 0.46 et al. 1999
to 0.97), and 0.98 (95% CI 0.61 to 1.60). Corresponding values for women

were 1.0, 0.93 (95% CI 0.84 to 1.02), 1.12 (95% CI 0.93 to 1.34), 1.12 (95%

CI0.96 to 1.31), 1.08 (95% CI 0.88 to 1.32), and 1.08 (95% CI 0.80 to 1.46).

Among women aged 50 to 64 years, fluoride was associated with increased risk

of hip fracture. Age- and area-adjusted rate ratio for this age group was 2.09

(95% CI 1.16 to 3.76) in the highest-exposure group (>1.5 mg/L) compared

with the lowest-exposure group (<0.1 mg/L).

No significant difference in fracture incidence among the fluoridated (15.4%) Kroger
and nonfluoridated group (13.4%) (P = 0.220). et al. 1994
No difference in incidence of hip fracture among exposure groups. Arnala

Osteofluorosis was found in 22% of the high exposure group. Fluoride content et al. 1986
of the bone was correlated with volumetric density of trabecular bone and
osteoid-covered trabecular bone surface.

In the <0.1-mg/L exposure group, RR was 2.5 (95% CI 1.6 to 3.9) for men and Simonen

1.5 (95% CI 1.2 to 1.8) for women. In the group exposed to 1 mg/L, RR was and

1.0 for men and women. Laitinen
1985

Lowest prevalence of overall bone fracture was found in the 1.00 to 1.06 mg/L  Li et al.
group and was significantly lower (P < 0.05) than that of the groups exposed to 2001
concentrations >4.32 and <0.34 mg/L. Prevalence of hip fracture was greatest

in the in the 4.32 to 7.97 mg/L group and was significantly higher than the

1.0- to 1.06-mg/L group.

Increased bone fracture (bone types not specified) incidence was observed Alarcén-
at concentrations ranging from 1.5 to 4.99 mg/L. A plot of the incidence of Herrera
fractures in adults versus the average corresponding fluoride concentration by et al. 2001
zone indicated a third-order polynomial correlation (R? = 0.9995). Incidence in

children was similar, except in one zone.

Linear correlation between Dean index for dental fluorosis and the frequency

of bone fracture in children (R? = 0.94) and adults (R = 0.98).

Women with higher concentrations of toenail fluoride appeared to be at greater ~ Feskanich
risk of forearm fracture but to have a lesser risk of hip fracture than women et al. 1998
with toenail concentrations <2 ppm.

Odds ratio of hip fracture in women with >5.50 ppm compared with those

with <2.00 ppm was 0.8 (95% CI 0.2 to 4.0). Corresponding adjusted odds

ratio for forearm fracture was 1.6 (95% CI 0.8 to 3.1).
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cifically address the committee’s charge, this meta-analysis and most of the
studies on which it was based were not critically evaluated. The committee
restricted its attention to the observational studies that most directly address
the study charge: studies that examined long-term exposure to fluoride in
the range of 2 to 4 mg/L or above in drinking water. Randomized clinical
trials that exposed subjects to higher doses over shorter periods of time
were also considered.

The committee considered a number of factors as it evaluated the avail-
able data, including the following:

e The committee assumed that fluoride concentrations in bone are the
most appropriate measure of exposure. Although difficult to measure in
epidemiology studies, bone fluoride concentrations are positively associated
with the amount of fluoride exposure, length of exposure, age, and certain
diseases such as chronic renal insufficiency (see Chapter 3 for discussion of
pharmacokinetic factors that affect fluoride uptake by bone). Use of other
fluoride exposure measures is likely to cause measurement error. While
exposure measurement error often biases results toward the null, there are
many exceptions.

e U.S. exposure estimates presented in Chapter 2 indicate that water
will be the major route of exposure for Americans drinking or cooking with
water containing fluoride at 4 mg/L but that other sources become more
important at concentrations closer to 1 mg/L.

e The incidence of fractures increases dramatically in old age. Minor or
moderate traumas cause more fractures in the elderly than in healthy young
adults. Other known or suspected risk factors include being female, being
postmenopausal, diet (e.g., low calcium), physical inactivity, low body mass
index, and use of certain drugs (e.g., corticosteroids) (Ross 1996; Woolf
and Akesson 2003). As a result, age is a very important covariate both as
a potential confounder and as an effect modifier; control for age may need
to be fairly detailed above age 50.

e Self-reports of fractures are reasonably accurate, although vertebral
fractures are typically underreported. Elderly women may overreport total
fractures, but the percent of false positives may be lower for fractures of the
wrist and hip (Nevitt et al. 1992; Honkanen et al. 1999). Thus, although
epidemiological studies would be better if they confirm the presence or
absence of fractures, self-reports may be adequate. For example, relative
risk measures (risk and rate ratios, but not odds ratios) are unbiased if the
outcome is nondifferentially underreported but false positives are negligible
(Poole 1985). We might expect the degree of false-positive reporting and
underreporting not to differ by fluoride water concentrations, thus tending
to attenuate associations.

¢ Fluoride may have different effects on fractures of different bones (as
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suggested by Riggs et al. 1990). Consequently, epidemiologists need to be
careful about the degree of aggregation of outcomes. If some bone sites are
included that are not susceptible, then relative risk estimates will be biased
toward the null; risk or rate differences would not.

e Studies that measure outcome and covariates individually but ex-
posure by group (e.g., by water concentration) use a partially ecologic or
group-level design. This design greatly improves the ability to measure and
control for covariates relative to pure ecologic studies; control of covariates
is one of the major problems in purely ecologic studies. See Appendix C for
a description of these design differences.

Below is a review of the available epidemiologic data for evaluating the
adequacy of EPA’s maximum-contaminant-level goal (MCLG) for fluoride
of 4 mg/L and secondary maximum contaminant level (SMCL) of 2 mg/L
for protecting the public from bone fractures.

Studies Relevant to Assessing Risks at 4 mg/L

Observational Studies. The committee is aware of five published ob-
servational studies of fractures in subjects exposed to drinking water
containing fluoride at 4 mg/L or higher (Sowers et al. 1986, 1991, 2005;
Alarcon-Herrera et al. 2001; Li et al. 2001) and another (Kurttio et al. 1999)
involving somewhat lower exposures that has some relevance. The first two
Sowers papers examine the same cohort, one retrospectively (Sowers et al.
1986) and one prospectively (Sowers et al. 1991). Because the analysis in
the 1986 paper is less detailed for fractures (particularly the discussion of
potential confounders), it has been given less attention. Features of the key
papers are highlighted in Table 5-2.

Sowers et al. (1991) directly assessed the risk of fracture from fluoride
at 4 mg/L, reporting adjusted odds ratios (ORs) of 2.1 (95% CI = 1.0 to
4.4) for any fracture, and 2.2 (95% CI = 1.0 to 4.7) for fracture of the
hip/wrist/spine in women 355 to 80 years of age at baseline (ORs were also
elevated in younger women). The reference group was exposed to fluoride
at 1 mg/L. This is a strong study, particularly because of its prospective co-
hort design. Although the 1993 National Research Council (NRC) report
labeled it as ecologic, it is actually an individual-level study with an ecologic
exposure measure (such designs are also called semi-individual; see Appen-
dix C). Outcome and important covariates, including age, are measured
at the individual level (control of covariates is particularly problematic in
fully ecologic studies). This study has some weaknesses: confounding was
assessed by using stepwise logistic regression (a common but less than op-
timal method for assessing confounding) and fractures were self-reported.
Self-reports of fractures are often quite reliable (except for the spine, where
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underreporting is typical). Details about the interviewers (training or blind-
ing to exposure) were not provided. The paper also examined fractures in
a community with high calcium concentrations in water: the adjusted OR
for fracture of the hip/wrist/spine was 1.6 (95% CI = 0.71 to 3.4) for the
older women and 0.30 (95% CI = 0.04 to 3.4) for younger women (the ORs
for all fractures were similar). The regression analysis comparing the high
fluoride and the reference communities was adjusted for calcium intake, but
it produced no change.

The newest study by Sowers et al. (2005) investigated bone fracture in
relation to fluoride concentration in drinking water. The authors measured
serum fluoride, providing a potentially improved exposure assessment. In
this cohort study, fractures were assessed prospectively for 4 years. Frac-
tures were self-reported and then confirmed with medical records or x-ray
copies, if available; lack of fractures was apparently not confirmed. Sowers
et al. (2005) collected individual-based information on people from the
same regions as the 1986 and 1991 studies. They collected serum fluoride
concentrations and bone mineral density of the hip, radius, and spine. The
number of subjects was considerably expanded (n = 1,300) from the earlier
studies. Although there may be overlap in specific subjects, all the fracture
events were recent. The authors reported risk ratios of fractures in the high
fluoride area that were similar to those in the previous studies (risk ratio =
2.55, P = 0.07, even when adjusting for bone mineral density, which could
function as an intervening variable between water ingestion and fracture
outcome). Use of ecologic exposure measures need not cause bias due to
exposure measurement error (see Appendix C).

Serum fluoride concentration was higher in the community with fluoride
at 4 mg/L in drinking water. Bone and serum concentrations are related
but the latter have more noise—potentially much more, depending on how
samples were collected. Serum fluoride concentrations can vary within in-
dividuals, returning to baseline within hours of exposure.

Fasting serum fluoride concentrations are considered a good (although
not necessarily perfect) measure of long-term exposure and of bone fluoride
concentrations (Ericsson et al. 1973; Parkins et al. 1974; Taves and Guy
1979; Waterhouse et al. 1980; Whitford 1994; Clarkson et al. 2000; see
also Chapter 2 for a discussion of biomarkers and Chapter 3 on pharma-
cokinetics). Although methods for serum collection are not described in the
paper, Sowers stated that fasting serum concentrations were taken “when-
ever possible” (M.F. Sowers, University of Michigan, personal commun.,
July 1, 2005). Measured serum fluoride concentration was not statistically
associated with fracture incidence in the adjusted model, including bone
density, a potential intermediate variable (measured serum fluoride was
only weakly associated with bone mineral density). However, it is unclear
whether serum fluoride was a useful surrogate for concentrations in bone
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or chronic exposure here; random error would tend to bias results toward
the null. Table 2 in the Sowers et al. (2005) paper indicated that long-term
residency in the high-fluoride region was not associated with appreciably
higher serum fluoride than short-term residency.

Besides differences in osteoporotic, but not other, fracture rates, these
populations differed markedly with respect to smoking rates and hormone
replacement (both lowest in the reference group) and physical activity
(lowest in the high-fluoride group). It is unclear whether these factors were
examined as potential confounders for fractures. Age subgroups were not
presented in the new Sowers et al. study, so differences within age groups
cannot be assessed and comparisons with the other observational studies
on fractures cannot be made.

For all the Sowers studies, there is an unresolved question about wheth-
er the referent group (area with low fluoride and low calcium) might have
a low fracture rate because of risk factors that are not controlled for in the
studies, particularly as the high-calcium/low-fluoride region also showed in-
creased fracture rates compared with the referent region. Potential bias due
to such differences might be exacerbated by the use of an ecologic exposure
measure (see Appendix C).

The study by Li et al. (2001) complements the Sowers studies in several
ways, having a larger size and relatively strong exposure assessment for a
partially ecologic study. It has a retrospective cohort design, increasing the
potential for outcome and exposure misclassification, but these problems
were addressed by the authors. Although exposure was assessed on the
group level, exposure was finely categorized and other sources of fluoride
exposure were estimated to be negligible. (Nonwater exposures to fluoride
were presumably more important in the Sowers studies.) Communities
were quite similar and individual-level risk factors were assessed. Fractures
were self-reported; confirmation with x-rays showed very high validity
(526 fractures confirmed among the 531 subjects reporting fractures). This
study also has weaknesses. Confounding was assessed by statistical testing;
the authors included a covariate in the logistic regression if they first found
a statistically significant (P < 0.05) relationship between the variable and
outcome analyzed bivariately. (Confounding should be judged by examin-
ing the effect measure, not statistical testing; see Rothman and Greenland
1998.) Absence of fractures was not confirmed, potentially biasing outcomes
if false-positive reporting of fractures is expected to be more than an isolated
occurrence. However, a limited number of sensitivity analyses of confound-
ing performed by the committee did not explain the effect; recall bias seems
an unlikely explanation for the U-shaped exposure-response curve (for all
fractures since age 20), with the minimum fractures in the reference group
of 1 mg/L. The dose-response curve for all fractures is plausible: some, but
not all, animal studies suggest a biphasic relationship between bone fluoride
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concentrations and bone strength (see discussion earlier in this section on
cellular and molecular aspects).

The Li et al. study did not directly assess fluoride at 4 mg/L. However
the exposure group just above 4 mg/L (4.32 to 7.97 mg/L) showed an in-
crease in all fractures since age 20 (OR = 1.47, P = 0.01, estimated 95% CI
= 1.10 to 1.97), all fractures since age 50 (OR = 1.59, P = 0.02, estimated
95% CI =1.08 to 2.35), and hip fractures since age 20 (OR = 3.26, P = 0.02,
estimated 95% CI = 1.21 to 9.81). The exposure group just below 4 mg/L
(2.62 to 3.56 mg/L) showed the following: all fractures since age 20 (OR =
1.18, P = 0.35, estimated 95% CI = 0.83 to 1.67), all fractures since age 50
(OR = 1.04, P = 0.87, estimated 95% CI = 0.65 to 1.66), and hip fractures
since age 20 (OR = 1.73, P = 0.34, estimated 95% CI = 0.56 to 5.33). CI
values were estimated by the committee using the approach of Greenland
(1998). Although the latter results are not statistically significant at the 0.05
level, they are consistent with an upward trend (increasing dose-response
relationship), particularly the result for hip fracture. The inclusion of all
fractures is likely to bias ORs toward the null.

Although the authors did not estimate trend, Figures 2 and 3 presented
in the paper by Li et al. (2001) suggest that linear trends in proportions from
the 1.00 to 1.06 mg/L category up would provide a reasonable fit in that
range. Using a generalized linear model with the binomial distribution and
the identity link, and midranges for the exposure categories, the committee
estimated absolute increases in fractures of 1.3% (95% CI=0.3t0 2.2, P =
0.01) for the increment from 1.00 to 4.00 mg/L for overall fractures since
age 20, 0.4% (95% CI = 0.0 to 0.8, P = 0.04) for hip fractures since age
20, and 0.9% (95% = CI 0.2 to 1.7, P = 0.02) for overall fractures since
age 50.

The U-shaped exposure-response curve for all fractures combined (but
not hip fractures) for this population of individuals provides an interesting
and potentially important finding. Whereas the trend for fractures appears
to increase from 1.00 to 4.00 mg/L, it must be appreciated that the fracture
rate in the 1.00 to 1.06 mg/L category was lower than the rate in the cat-
egory with the lowest intake.

Estimated fluoride exposure in the Li study is higher than for the Sowers
studies (see Table 5-4 later in this chapter). Assuming that exposure was pre-
dominantly due to water, the committee estimated that participants in the Li
study consumed on average about 2.5 L per day for the 2.62- to 3.56-mg/L
group and 2.3 L per day for 4.32- to 7.97-mg/L group (versus 0.9 to 1.2 L
per day for the Sowers studies). These water consumption levels are in the
90th to 95th percentile for the United States (see Appendix B).

Alarcon-Herrera et al. (2001) is a much weaker ecologic study with
little attention to covariates other than a rough stratification by age (see
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Table 5-2 for a brief discussion). The results are qualitatively similar to the
stronger studies.

In addition, a retrospective cohort study in Finland by Kurttio et al.
(1999) is pertinent to the issue of fracture risk at 4 mg/L, even though
relatively few wells in that study had drinking water with fluoride concen-
trations that high. Residents were grouped into exposure categories based
on modeled fluoride concentrations in well water closest to their residence:
<0.1, 0.11 to 0.30, 0.31 to0 0.50, 0.51 to 1.00, 1.10 to 1.50, and >1.5 mg/L
(ranging up to 2.4 mg/L). Fluoride monitoring results among water samples
for the highest modeled group varied from below detection to about 6
mg/L. Hospital discharge registers were tracked between 1981 and 1994
for reports of hip fracture among the cohort. For all ages combined, no as-
sociations were found between fluoride content in drinking water and hip
fracture. However, analysis of age strata (50 to 64 and 65 to 80) indicated an
increased risk of hip fracture in women aged 50 to 64 exposed to fluoride at
>1.5 mg/L (adjusted rate ratio of 2.09%; 95% CI, 1.16 to 3.76; based on 13
cases [3,908 person years| compared with those in the least exposed group
(£0.1 mg/L). Some covariates were adjusted by using ecologic measures, an
imperfect technique.

Clinical Trials of Osteoporosis Treatment. Using the Cochrane Hand-
book methodology, Haguenauer et al. (2000) performed a meta-analysis
of randomized clinical trials of fluoride in postmenopausal women with
primary osteoporosis. Eleven studies met the inclusion criteria; analyses
of specific end points included only a subset. The summary relative risk
estimate for new vertebral fractures was slightly decreased: 0.87 (95% CI
= 0.51 to 1.46) for 2 years of treatment (four trials) and 0.90 (95% CI =
0.71 to 1.14) for 4 years (five trials). The summary relative risk estimate
for new nonvertebral fractures was increased: 1.20 (95% CI = 0.68 to 2.10)
after 2 years (one trial) and 1.85 (95% CI = 1.36 to 2.50) after 4 years (four
trials); the latter association was strongest in trials using high-dose, non-
slow-release forms of fluoride. See Table 5-3 for the four studies included
in the analysis of nonvertebral fractures after 4 years. All four studies were
prospective, double-blinded, and placebo-controlled; all subjects received
supplemental calcium. There was loss to follow-up, particularly in the study
of Kleerekoper et al. (1991), but it was similar in frequency in treated and
placebo groups.

Table 5-3 reports relative risks of nonvertebral fractures at 4 years. Rate
ratios are also provided for several studies. Hip fracture results are reported
only for Riggs et al. (1990); the number of hip fractures in the other trials
was at most one per group. Riggs et al. reported both complete fractures
and total fractures. Total fractures equal complete plus incomplete “stress”
fractures; the latter were observed by roentgenography in participants re-
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TABLE 5-3 Four Randomized Clinical Trials Examining Nonvertebral

Fractures
Relative Risk Rate Ratio
Enrollment:  Participation? (95% CI) (95% CI)
Exposed Exposed and Nonvertebral Nonvertebral
Exposure and Placebo Placebo Fractures? Fracture®
Reginster Fluoride at 100, 100 84%, 81% 1.1 1.1 (0.5, 2.3)
etal. 1998 20 mg/day as (0.5, 2.4)4
sodium mono-
fluorophosphate,
4 years
Pak et al. NaF at 50 mg/ 54, 56 77%, 72% 0.6
1995 day slow-release, (0.2, 2.5)4
4 cycles:
12 months on,
2 months off
Kleerekoper NaF at 75 mg/ 46, 38 60%, 61% 1.5 3.0 (2.0, 4.6)
etal. 1991  day, 4 years (0.7, 3.5)4 “hot spots™®
Riggs et al.  NaF at 75 mg/ 101, 101 77%, 80% 1.6 (1.0, 2.5) 1.9(1.1,3.2)
1990 day, 4 years complete complete
2.5(1.7,3.7) 3.1(2.0,5.0)
totaldf total’
2.3 (0.6, 8.8)
complete,
hip

Participating person-time divided by total possible person-time.

bRisks were computed by dividing the number of first incident fractures (at most one per
subject) by the number of enrolled subjects.

‘Rates were computed by dividing the number of incident fractures (possibly more than one
per subject) by participating person-time.

4The numbers that appear to have been used in the meta-analysis of Haguenauer et al.
(2000); see their Figure 5.

¢Areas of increased isotope uptake detected via radionuclide bone scan.

fn this study, total fractures = complete + incomplete “stress” fractures, the latter observed
by roentgenography in participants reporting acute lower extremity pain syndrome.

porting acute lower extremity pain syndrome (see Kleerekoper et al. 1991
for a different interpretation).

Comparison of Exposure in Randomized Clinical Trials and Obser-
vational Studies. Despite the methodological strengths of the randomized
clinical trials, their use in this review has limitations. In particular, fluoride
exposures in the trials were higher in magnitude (20 to 34 mg/day) than
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in observational studies (5 to 10 mg/day for 4 mg/L) but shorter in time
(years versus decades). One possibility is to compare studies using total
fluoride exposure in absolute mass units. Because some biological effects
(e.g., stimulation of osteoblasts) may occur only at high doses, results from
clinical trials may not be directly comparable to risks due to long-term ex-
posure to fluoride in water. On the other hand, the committee assumes that
bone fluoride concentration is the most appropriate measure of exposure for
examining fracture risk. Data permitting, it could be possible to compare
the bone fluoride concentrations reached in the randomized clinical trials
with those in the observational studies.

Of the four randomized clinical trails in the fracture meta-analysis, the
committee was able to locate bone fluoride measurements for only one. Of
the 202 postmenopausal women in the Riggs study, bone fluoride was mea-
sured before treatment and at 4 years in 43 treated and 35 placebo subjects
(Lundy et al. 1995). Unfortunately, the data are presented only in a figure
and in units of umol of fluoride per mmol of calcium. The latter, however,
can be approximately converted to mg/kg ash by using the following factors:
1 g of calcium per 7 g wet weight of bone (Mernagh et al. 1977) and 0.56
g of ash per g wet weight of bone (Rao et al. 1995). Using this conversion,
the before-treatment bone ash fluoride concentrations were about 1,700
mg/kg in both the treated and the placebo groups. Taking the imprecision
of the conversion factors into account, this value is consistent with reported
concentrations for healthy, untreated persons living in areas without particu-
larly high water fluoride concentrations and no other exceptional sources
of fluoride intake (see Chapter 3). Four years later, bone ash concentrations
were slightly higher in the placebo group and about 12,000 mg/kg in the
treated group. The latter value should overestimate concentrations in the
exposed group of the trial, because the average exposed subject in the Riggs
study participated 3.1 years (Table 5-3).

Ideally, one would estimate bone concentrations in the other trials by
using a pharmacokinetic model. Because the committee did not have an op-
erational pharmacokinetic model, a regression model was used to estimate
bone concentrations based on total fluoride exposure during clinical trials
(see Chapter 3). Total exposures (Table 5-4) were estimated with the nomi-
nal daily dose and the average length of participation of the exposed group.
The bone concentration for Riggs et al. estimated by this technique (7,400
mg/kg) is less than the value measured by Lundy et al. (roughly 12,000
mg/kg), but the latter examined a subset of subjects who had completed
the full 4 years of the study. The regression model estimates 9,100 mg/kg
in subjects completing 4 years. Although that estimate is still less than the
measured concentration, Chapter 3 noted that the regression model may
underestimate bone concentrations in fluoridated areas. Of the four clinical
trials in Table 5-4, three were American. Fluoride exposure and concentra-
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tions in bone may be overestimated for the Pak study because of the use of
a slow-release, less bioavailable form of fluoride. In sum, average fluoride
bone concentrations among treated trial participants appear to range from
about 5,400 to 12,000 mg/kg.

Comparison of Results of Randomized Clinical Trials and Observation-
al Studies. Table 5-4 also includes estimates of total exposure and average
bone fluoride for two observational studies. The committee estimated aver-
age fluoride concentrations in bone in the study by Sowers et al. (1991) using
the regression model developed for chronic water exposure in Chapter 3.
This model predicts bone concentrations based on concentration of fluoride
in water, length of exposure, and sex. The result is in the same range as the
clinical trials. Since the regression model does not take water consumption
rates into account, it should underpredict bone fluoride concentrations for
people with high water consumption. The bone fluoride estimates for Li et
al. (2001) are, therefore, probably underestimates. Estimates of bone fluo-
ride concentrations could be improved through the use of pharmacokinetic
models (see Chapter 3).

Table 5-4 summarizes fracture outcomes for the four clinical trials
(nonvertebral) and observational studies. There are a number of differences
in the way the outcome data were collected and analyzed. For example, Li
et al. counted fractures occurring since age 20 (or age 50, not shown), a
longer observation period than the other studies; Li et al. and Sowers et al.
measured fractures in different bones than those studied in the clinical trials;
if trials use subjects from fluoridated areas, the subjects receiving placebos
are from areas with fluoride close to 1 mg/L. Although the comparison in-
volves several assumptions and uncertainties, the estimated concentrations
of fluoride in bone and results of the randomized clinical trials generally
appear consistent with those of the observational studies.

Interpretation of Weight of Evidence of the Fracture Data on Fluoride
at 4 mg/L. For making causal inferences, many epidemiologists prefer
to formulate and test specific competing hypotheses (e.g., Rothman and
Greenland 1998). Other epidemiologists find it useful to weigh the evidence
in light of some traditional “criteria” (more properly, guidelines) for ex-
amining whether observed associations are likely to be causal (Hill 1965).
The discussion below provides a perspective on how the committee evalu-
ated and viewed the strength of the collective evidence on possible causal
associations.

e Consistency: Despite some design or data weaknesses, there is con-

sistency among the results of all the observational studies using ecologic
exposure measures. That is, none of the studies that included population ex-
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posures above 4 mg/L found null or negative (inverse) associations between
fluoride and bone fractures. There is probably minimal publishing bias here
because of the intense interest on both sides of the fluoride controversy. Fur-
ther, all the studies with exposure categories of approximately 2 mg/L and
above in water showed elevated relative risks of fractures for these exposure
estimates. However, the one study using an individual exposure measure
found no association between fracture risk and serum fluoride. Because
serum fluoride concentrations may not be a good measure of bone fluoride
concentrations or long-term exposure, the ability to show an association
might have been diminished.

e Strength of association: Although weak associations (e.g., small
relative risks) can be causal, it is harder to rule out undetected biases. As
indicated in Table 5-2, relative risk estimates generally varied from about
1.5 to 2.2 for studies with ecologic measures of exposure.

e Biologic plausibility/coherence: The weight of evidence of observa-
tional studies is increased when qualitative as well as quantitative; biochemi-
cal, physiological, and animal data suggest a biologically plausible mecha-
nism by which a potential risk factor such as fluoride could cause adverse
effects. In this instance, the type of physiological effect of fluoride on bone
“quality” and the fractures observed in animal studies are consistent with
the effects found in the observational studies. Furthermore, the results of
the randomized clinical trials are consistent with an increased risk of non-
vertebral fractures at fluoride concentrations in bone that may be reached
by lifetime exposure to water at 4 mg/L.

e Dose-response (biological gradient): For the most part, the obser-
vational studies discussed above observed higher fracture risk with higher
exposure compared with 1 mg/L. The combined findings of Kurttio et al.
(1999), Alarcon-Herrera et al. (2001), and Li et al. (2001) lend support to
gradients of exposure and fracture risk between 1 and 4 mg/L.

The remaining traditional guidelines of Hill and others are not major
issues here: time sequence of effect after exposure is fulfilled in all the obser-
vational studies and the clinical trials; none of those designs was cross-sec-
tional and all were able to assess sequence. Specificity of effect or exposure
is rarely germane in environmental epidemiology. Experiment (that is, effect
of removal of exposure) does not apply in this instance.

When papers using different designs or studying disparate populations
are evaluated, findings of consistency among these studies do not require
that the doses, exposures, or relative risks be the same. (Such quantitative
reconciliation is pertinent for efforts to establish unit risks for quantita-
tive risk assessment, pooling studies, or meta-analyses, and assignment of
specific potencies goes far beyond the charge or assessment by the commit-
tee.) Further, it is not necessary that there be exact quantitative correspon-
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dence between animal and human data and physiologic, and epidemiologic
exposures.

The weight of evidence supports the conclusion that lifetime exposure
to fluoride at drinking water concentrations of 4 mg/L and higher is likely
to increase fracture rates in the population, compared with exposure to
fluoride at 1 mg/L, particularly in some susceptible demographic groups
that are prone to accumulating fluoride into their bones.

Studies Relevant to Assessing Risks at 2 mg/L

The committee found four observational studies that involved exposures
to fluoride around 2 mg/L (see Table 5-5). By far the strongest of those stud-
ies was by Kurttio et al. (1999). As described above, residents were grouped
into exposure categories based on modeled fluoride concentrations in well
water closest to their residence (<0.1, 0.11 to 0.30, 0.31 to 0.50, 0.51 to
1.00, 1.10 to 1.50, and >1.5 mg/L [ranged up to 2.4 mg/L]) and hospital
discharge registers were tracked for reports of hip fracture. Whereas no as-
sociations between fluoride content in drinking water and hip fracture were
found for all ages combined, analysis of age strata (50 to 64 and 65 to 80
years) indicated an adjusted rate ratio of 2.09 (95% CI, 1.16 to 3.76) for
hip fracture in women aged 50 to 64 exposed to fluoride at >1.5 mg/L.

Another study, performed in Finland, found no evidence of increased
risk when hip fracture rates were compared in populations exposed to
fluoride at <0.3, 1.0 to 1.2, and >1.5 mg/L (Arnala et al. 1986). However,
this study had many weaknesses, including incomplete reporting methods,
insufficient control of confounding, inability to assess cumulative exposure,
and the possibility of nonsystematic or biased case ascertainment. It focused
primarily on evaluating fluoride content and the histomorphometry of bone
samples taken from the iliac crest of hip fracture patients and had the ad-
vantage of providing data on bone fluoride concentrations. Mean fluoride
concentrations (+ standard deviation) in bone were found to be 450 = 190
mg/kg, 1,590 = 690 mg/kg, and 3,720 = 2,390 mg/kg in the low-, middle-,
and high-exposure groups, respectively.

A study in France investigated fracture rates in relation to fluoride-using
subjects enrolled in a different study on aging (Jacqmin-Gadda et al. 1995).
Two fluoride exposure groups were compared: 0.05 to 0.11 mg/L and 0.11
to 1.83 mg/L. The odds ratio for hip fractures for the higher exposure group
was 1.86 (95% CI, 1.02 to 3.36). The odds ratio for any fractures was 0.98
(95% CI, 0.80 to 1.21). These odds ratios were adjusted for age, gender, and
Quetelet index for hip fractures and by age and gender for total fractures.
(The authors selected confounders to include in their model on the basis
of “statistical significance,” although a more appropriate approach would
have been to select covariates based on how much they change the odds

Copyright © National Academy of Sciences. All rights reserved.



Fluoride in Drinking Water: A Scientific Review of EPA's Standards

http://www.nap.edu/catalog/11571.html

166

FLUORIDE IN DRINKING WATER

TABLE 5-5 Studies Relevant to Assessing Bone Fracture Risks from
Exposure to Fluoride at 2 mg/L in Drinking Water

Arnala et al. (1986)

Jacqmin-Gadda et al. (1995)

Design

Location

No. subjects

Exposure
assessment
and categories

Outcomes

Effect
measure

Chance

Confounding

Semiecologic; individual outcome
data and ecologic exposure
measure

Finland, communities

462 fractures among a population
of unspecified size

Ecologic; exposure assignments
drawn from a 1974 report by the
National Board on Health on the
fluoride content of drinking water
in different communities
Communities with fluoride at <0.3
mg/L, 1.0 to 1.2 mg/L, and >1.5
mg/L

Hip fractures among men and
women combined, for age 50+.
Factures due to severe trauma
excluded.

Comparison of age-adjusted
10-year incidence of hip fracture
for ages 50+ and component age
decades. Binomial t test used to
compare age-adjusted hip fracture
rates.

No confidence intervals or P levels
were provided.

Age-adjustment only. No
information on whether women
were postmenopausal. No
distinction between rates for males
and females.

Nested case control analysis drawn
from cross-section study that was the
first phase of a prospective cohort
study.

France

3,777 subjects age 65 and older from
75 civil parishes (mean residence time
41 years)

Two measurements were taken

in 1991 and routinely thereafter
(frequency not specified).

Two exposure categories: 0.05 to
0.11 mg/L and 0.11 to 1.83 mg/L

Hip fractures

OR using multiple logistic
regressions, controlling for
confounders based on interview data.

95% CI and P values given

Age, gender, Quetelet index (kg/
height? in m), smoking, and sports
activity
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Fabiani et al. (1999)

Kurttio et al. (1999)

Semiecologic; individual outcome data and
ecologic exposure measures

Two regions of central Italy
Avezzano (lower fluoride in water) and
Bracciano(higher fluoride in water)

935 in Avezanno
190 in Bracciano; subjects treated in a
public hospital from each region

Drinking water sampled twice a year

(years not specified), and one summary
concentration was assigned to each region
as a weighted mean.

Avezanno (0.05 mg/L; range 0.040 to 0.058
mg/L; population of about 126,000)
Bracciano (1.45 mg/L; range 0.15 to 3.40
mg/L; population of about 73,000)

Fractures at specific anatomical sites,
reported by gender

Rates and 95% CI based on age-adjusted
rates per 1,000 person years.

95% Cls

Authors relied on similarity of region to
control for confounding. Analysis did not
stratify or adjust for age, although mean
ages of cases are shown (including whether
the probabilities of their differences are P
< 0.03).

Historical cohort.

Finland: rural communities nationwide

144,000+

Groundwater measurements of almost 9,000
wells.

Fluoride concentrations estimated for

each residence by using weighted medians,
smoothed interpolations. Categories: <0.1, 0.1
to 0.3, 0.3 t0 0.5, 0.5 to 1.0, 1 to 1.5, and >
1.5 mg/L. Highest category corresponded to
sampled concentrations of less than detection
level to approximately 6 mg/L.

First recorded hip fracture

Crude and adjusted rate ratios using Cox
regression based on person years, compared
with lowest exposure group. Age stratification
based on age at start of follow-up period.
Fluoride analyzed as categorical and
continuous variable.

95% CI around the rate ratio.

Analyzed controlling for age and geographic

sector. Age adjustment was conducted within
broad strata of 50 to 64 and 65 to 80 years.

No information on nutrition, alcohol use, or
physical activity.

continued
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TABLE 5-5 Continued
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Arnala et al. (1986)

Jacqmin-Gadda et al. (1995)

Results

Overall value
of study
regarding
evaluation
fracture risk
at 2 mg/L

Comments

Age-combined totals similar:
12.4/10,000 in low-fluoride,
11.9/10,000 in fluoridated, and
12.4/10,000 in high-fluoride areas.
Component age groups generally
similar to each other across
exposure groups, except that age
80+ had lower incidence in the
high-fluoride area.

Weak

The paper was primarily devoted
to histomorphology and bone
fluoride concentrations in iliac
crest. The results of that portion
of the study are summarized in the
accompanying text insofar as they
bear on the incidence part of the
paper.

Incomplete reporting methods;
insufficient control of
confounding; inability to assess
cumulative exposure; possibility

of nonsystematic or biased

case ascertainment/assignment;
adjustment of group level covariate
(region) rather than individual-level
covariates.

For higher versus lower fluoride
exposures: OR = 1.86 (1.02 to 3.36),
P = 0.04 for hip fractures; OR = 0.98
(0.80 to 1.21) for all fractures. ORs
adjusted for variables associated with
hip fractures (age, gender, Quetelet)
or total fractures (age, gender).
Calcium in water did not appear to
be included in the model.

Weak

Paper was short (a letter to the editor)
and did not have sufficient detail to
assess the distribution of fluoride
exposure with the higher category;
lacked information on age subgroups
and on genders; inability to assess
cumulative exposure; referent group
has very low exposure (<0.11 mg/L).
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Fabiani et al. (1999) Kurttio et al. (1999)

Rates for low-fluoride area were statistically For comparisons between the >1.5-mg/L
greater compared with Bracciano in the group and the <0.1-mg/L group (ages 50 to
following categories: Females: femoral neck  65):

(hip), femur NOS (not otherwise specified), Adjusted RR =2.09 (95 CI, 1.16 to 3.76) in

proximal humerus, nose, wrist women, RR = 0.87 (95% CI, 0.35 to 2.16)
Males: femoral neck (hip), femur NOS, in men.

nose, wrist For all ages combined, no associations
Specifically for hip fracture (Avezanno/ apparent.

Bracciano, rate per 1,000 person-years): For fluoride as a continuous variable: RR
males, 0.28/0.06, RR = 4.28 (95% CI, =1.44 (95% CI, 1.12 to 1.86) for women
4.16 to 4.40), average ages 70 and 52, below age 65 at start of follow-up, and RR =

respectively; females, 0.75/0.28, RR =2.64  0.75 (95% CI, 0.51 to 1.12) for men in same
(95% CI 2.54 to 2.75), average ages 75 and age stratum (age and region adjusted). Women
78, respectively. ages 55 to 69 had the most elevated RR in the
continuous-variable analysis.
Among separate 5-year components of follow-
up period, the results were inconsistent.

Weak Strong

Serious design and analysis limitations. No  Suggestive of hip fracture risk, with

data that would inform an assessment of continuous gradient from lowest to highest
a gradient. The dimension of the reported exposures.

protective effect is not credible.
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ratio.) The committee found that because no data were presented on the
distribution of fluoride exposure within the different groups, because data
on gender and age were not reported separately, and because no parameters
for assessing cumulative exposure were provided, reliable conclusions could
not be drawn from this study.

Fabiani et al. (1999) conducted a study in two sociodemographically
similar regions in central Italy. One region had fluoride concentrations in
drinking water of 0.05 mg/L and the second region had fluoride at 1.45
mg/L. A significantly greater rate of fracture incidence, particularly femur
fractures, were found in the low-exposure community. The relative risk was
4.28 (95% CI, 4.16 to 4.40) for males and 2.64 (95% ClI, 2.54 to 2.75)
for females. These risks were based on age-adjusted rates per 1,000 person-
years. However, the number of cases was not provided and the mean age of
cases in the two towns varied greatly in some instances. The investigators
relied on similarity of regions to control for confounding, but it should be
noted that the high-fluoride area included seven towns near Rome, whereas
the lower-fluoride area included 35 towns further from Rome. Because of
the serious design and analysis limitations of the study, the committee placed
little weight on this study.

Overall, the committee finds that the available epidemiologic data
for assessing bone fracture risk in relation to fluoride exposure around 2
mg/L is suggestive but inadequate for drawing firm conclusions about the
risk or safety of exposures at that concentration. There is only one strong
report to inform the evaluation, and, although that study (Kurttio et al.
1999) indicated an increased risk of fractures, it is not sufficient alone to
base judgment of fracture risk for people exposed at 2 mg/L. It should be
considered, however, that the Li et al. (2001) and Alarcon-Herrera et al.
(2001) studies reported fracture increases (although imprecise with wide
confidence intervals) between 1 and 4 mg/L, giving support to a continuous
exposure-effect gradient in this range.

Skeletal Fluorosis

Excessive intake of fluoride will manifest itself in a musculoskeletal
disease with a high morbidity. This pathology has generally been termed
skeletal fluorosis. Four stages of this affliction have been defined, including
a preclinical stage and three clinical stages that characterize the severity. The
preclinical stage and clinical stage I are composed of two grades of increased
skeletal density as judged by radiography, neither of which presents with
significant clinical symptoms. Clinical stage II is associated with chronic
joint pain, arthritic symptoms, calcification of ligaments, and osteosclerosis
of cancellous bones. Stage III has been termed “crippling” skeletal fluorosis
because mobility is significantly affected as a result of excessive calcifications

Copyright © National Academy of Sciences. All rights reserved.



Fluoride in Drinking Water: A Scientific Review of EPA's Standards
http://www.nap.edu/catalog/11571.html

MUSCULOSKELETAL EFFECTS 171

in joints, ligaments, and vertebral bodies. This stage may also be associated
with muscle wasting and neurological deficits due to spinal cord compres-
sion. The current MCLG is based on induction of crippling skeletal fluorosis
(50 Fed. Reg. 20164 [1985]). Because the symptoms associated with stage
II skeletal fluorosis could affect mobility and are precursors to more serious
mobility problems, the committee judges that stage II is more appropriately
characterized as the first stage at which the condition is adverse to health.
Thus, this stage of the affliction should also be considered in evaluating any
proposed changes in drinking-water standards for fluoride.

Descriptions of skeletal fluorosis date back to the 1930s, when the pa-
thology was first recognized in India in areas of endemic fluoride exposure
(Shortt et al. 1937) and in occupationally exposed individuals in Denmark
(Roholm 1937). From an epidemiological standpoint, few cases of clinical
skeletal fluorosis have been documented in the United States. Stevenson and
Watson (1957) performed a large retrospective study involving 170,000
radiologic examinations' in people from Texas and Oklahoma, where
many communities have fluoride water concentrations above 4 mg/L. They
radiographically diagnosed only 23 cases of fluoride osteosclerosis in people
consuming fluoride at 4 to 8 mg/L and no cases in people exposed to less (the
number of people exposed in these categories was not provided). The cases
(age 44 to 85) did not have unusual amounts of arthritis or back stiffness
given their age (details not provided). Eleven had bone density of an extreme
degree, and nine had more than minimal calcification of pelvic ligaments.
The authors found no relationship between radiographic findings and clini-
cal diagnosis or symptoms (details not provided). Cases were not classified
as to the stage of the fluorosis (using the scheme discussed earlier). Based on
the information in the paper, the committee could not determine whether
stage II fluorosis was present. In a study of 253 subjects, Leone et al. (1955a)
reported increased bone density and coarsened trabeculation in residents
of a town with fluoride at 8 mg/L relative to another town with fluoride at
0.4 mg/L. Radiographic evidence of bone changes occurred in 10% to 15%
of the exposed residents and was described as being slight and not associ-
ated with other physical findings except enamel mottling. The high-fluoride
town was partially defluoridated in March 19522 (Maier 1953; Leone et al.
1954a,b; 1955b), a detail not mentioned in the radiographic study (Leone

IThe number of patients represented by the 170,000 radiological examinations is not
given.

2Maier (1953) indicates that “regular operation” of the defluoridation plant began March
11, 1952. At least one small pilot plant was operated for an unspecified period prior to that
date (Maier 1953). Leone et al. (1954a,b) indicated initial defluoridation to 1.2 mg/L. Likins et
al. (1956) reported a mean daily fluoride content of treated water in Bartlett of 1.32 mg/L over
the first 113 weeks (27 months), with average monthly fluoride concentrations of 0.98-2.13
mg/L over the 18-month period referred to by Leone et al. (1954a,b; 1955b).
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et al. 1955a) but which could have affected its results and interpretation.
Leone et al. (1954a,b; 1955b) state that “any significant physiological mani-
festations of prolonged exposure would not be expected to have regressed
materially in the 18 months of partial defluoridation.” However, Likins et
al. (1956) reported that urinary fluoride concentrations in males fell from
means of 6.5 (children) and 7.7 (adults) mg/L before defluoridation to 4.9
and 5.1 mg/L, respectively, after 1 week, 3.5 and 3.4 mg/L, respectively,
after 39 weeks, and 2.2 and 2.5 mg/L, respectively, after 113 weeks. These
results indicate that, following defluoridation of the water supply, substan-
tial changes in fluoride balance were occurring in the residents, including
the apparent remobilization of fluoride from bone.

In patients with reduced renal function, the potential for fluoride ac-
cumulation in the skeleton is increased (see Chapter 3). It has been known
for many years that people with renal insufficiency have elevated plasma
fluoride concentrations compared with normal healthy persons (Hanhijarvi
et al. 1972) and are at a higher risk of developing skeletal fluorosis (Juncos
and Donadio 1972; Johnson et al. 1979). In cases in which renal disease and
skeletal fluorosis were simultaneously present, it still took high concentra-
tions of fluoride, such as from daily ingestion of 4 to 8 L of water containing
fluoride at 2 to 3 mg/L (Sauerbrunn et al. 1965; Juncos and Donadio 1972),
at least 3 L/day at 2 to 3 mg/L (Johnson et al. 1979), or 2 to 4 L/day at 8.5
mg/L (Lantz et al. 1987) to become symptomatic.

Most recently, the Institute of Medicine evaluated fluoride intake and
skeletal fluorosis and was able to find only five reported cases of individu-
als with stage III skeletal fluorosis in the United States from approximately
1960 to 1997 (IOM 1997). Interestingly, however, a recent report has
documented an advanced stage of skeletal fluorosis in a 52-year-old woman
consuming 1 to 2 gal of double-strength instant tea per day throughout her
adult life (Whyte et al. 2005). Her total fluoride intake was estimated at 37
to 74 mg/day from exposure to fluoride from well water (up to 2.8 mg/L)
and instant tea. The report also documented the fluoride content of com-
mercial instant teas and found substantial amounts in most brands. This
illustrates the possibility that a combination of exposures can lead to higher
than expected fluoride intake with associated musculoskeletal problems.
Another case, documented by Felsenfeld and Roberts (1991), indicates the
development of skeletal fluorosis from consumption of well water contain-
ing fluoride at 7 to 8 mg/L for 7 years. Renal insufficiency was not a factor
in this case, but water consumption was considered likely to have been
“increased” because of hot weather. Both cases mention joint stiffness or
pain, suggesting at least stage II skeletal fluorosis.

From reports from the 1950s through the 1980s, it appears that pre-
clinical bone changes and symptoms of clinical stages I and II may occur
with bone concentrations between 3,500 and 12,900 mg/kg (Franke et al.
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1975; Dominok et al. 1984; Krishnamachari 1986). The Public Health Ser-
vice (PHS 1991) has reported that patients with preclinical skeletal fluorosis
have fluoride concentrations between 3,500 and 5,500 mg/kg by ash weight.
Clinical stage I patients have concentrations in the range of 6,000 to 7,000
mg/kg, stage Il patients range from 7,500 to 9,000 mg/kg, and stage III
patients have fluoride concentrations of 8,400 mg/kg and greater.?

However, a broader review of the literature on bone fluoride concen-
trations in patients with skeletal fluorosis revealed wider and overlapping
ranges associated with different stages of the condition. Tables 5-6 and 5-7
show the reported concentrations of fluoride in bone ash and in bone (dry
fat-free material) in cases of skeletal fluorosis. Most authors reported ash
concentrations; others reported the dry weight concentrations or both types
of results. Because ash contents (fraction of bone remaining in the ash)
range widely,* the committee did not convert dry weight concentrations
to ash concentrations. As reported ranges for various bones in individuals
can differ, the tables list the type of bone sampled, distinguishing between
measurements of iliac crest or pelvis and other bones.

On the basis of data on fluoride in the iliac crest or pelvis, fluoride con-
centrations of 4,300 to 9,200 mg/kg in bone ash have been found in cases
of stage II skeletal fluorosis, and concentrations of 4,200 to 12,700 mg/kg
in bone ash have been reported in cases of stage III fluorosis. The overall
ranges for other bones are similar. These ranges are much broader than
those indicated by PHS (1991). Baud et al. (1978) showed an overlap in the
fluoride content in iliac crest samples between their controls (mean 1,036
mg/kg, range <500 to >2,500) and their cases (mean 5,617 mg/kg, range
<2,500 to >10,000). The above ranges overlap the measurements reported
by Zipkin et al. (1958), for which no evidence of fluorosis was reported
(4,496 £2015 and 6,870 + 1629 mg/kg ash in iliac crest at 2.6 and 4 mg/L,
respectively). The expected degree of skeletal fluorosis was not found in
two small groups of patients dialyzed with fluoride-containing water, who
accumulated average bone-ash fluoride concentrations of 5,000 mg/kg and
7,200 mg/kg (Erben et al. 1984). Some of the cases with the lowest values
(e.g., Teotia and Teotia 1973; Pettifor et al. 1989) were known to have hy-
pocalcemia or secondary hyperparathyroidism; many of the industrial case
reports described no hypocalcemia. Thus, it appears that fluoride content
in bone may be a marker of the risk of skeletal fluorosis. In other words,
the likelihood and severity of clinical skeletal fluorosis increase with the

3According to the sources cited by PHS (1991), these concentrations are based on measure-
ments in iliac crest samples.

“From 38% to 60%, calculated from 100% minus the reported fraction lost during ashing
(Franke and Auerman 1972); (41.8% standard error 1.94%) for the affected group and 49.9%
(standard error 5.34%) for the control group (Krishnamachari 1982); and 32.7% to 68.4%
(Zipkin et al. 1958).
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TABLE 5-6 Reported Concentrations of Fluoride in Bone Ash in Cases of
Skeletal Fluorosis

Fluoride Concentration in Bone
Ash, mg/kg in Bone Ash

Stage of Skeletal Iliac Crest or Number of
Fluorosis Pelvis Other Bones Individuals Reference

Preclinical stage

Vague symptoms 4,100 2 Franke and Auermann
4,300 1972
Vague symptoms 3,500 to 4,500 Authors’ Franke et al. 1975
summary
Stage 0 to 1
Stage 0 to | 5,000 1 Franke and Auermann
1972
Stage 0 to [ 6,900 (mean) 2 Schlegel 1974
Stage 0 to I 5,000 to 5,500 Authors’ Franke et al. 1975
summary
Stage 1
Stage I 6,000 2 Franke and Auermann
6,400 1972
Stage [ 5,200 (mean) 8 Schlegel 1974
Stage [ 6,000 to 7,000 Authors’ Franke et al. 1975
summary
Stage 2
Second phase 9,200 3,100 t0 9,900 1 Roholm 1937
Stage [ to IT 8,700 1 Franke and Auermann
1972
Stage 11 7,700 2 Franke and Auermann
7,800 1972
Stage II 7,500 (mean) 9 Schlegel 1974
Stage 11 7,500 to 9,000 Authors’ Franke et al. 1975
summary
Stage II 4,300 2,500 to 5,000 1 Dominok et al. 1984
4,700¢
Stage II 8,800 4,900 to 11,100 1 Dominok et al. 1984
8,900
Stage 11 2,900 to 4,400 1 Dominok et al. 1984
Stage 3
Third phase 7,600 to 13,100 1 Roholm 1937
Stage 3 6,300 1 Singh and Jolly 1961
Stage I1I 11,500 1 Franke and Auermann
1972
Crippling 4,200 1 Teotia and Teotia
fluorosis 1973
Stage 111 8,400 1 Schlegel 1974
Stage II1 >10,000 Authors’ Franke et al. 1975
summary
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Fluoride Concentration in Bone
Ash, mg/kg in Bone Ash

Stage of Skeletal Iliac Crest or Number of
Fluorosis Pelvis Other Bones Individuals Reference
Stage I1I 10,000 9,000 to 11,700 1 Dominok et al. 1984
Stage III 9,100 4,200 to 11,000 1 Dominok et al. 1984
Stage III 12,700 7,600 to 12,900 1 Dominok et al. 1984
Stage I1I 8,600 8,500 to 12,400 1 Dominok et al. 1984
8,7007
Stage not given, or range of stages
Skeletal fluorosis 700 to 6,800° 10 Singh and Jolly 1961;
(mean, 3,430) see also Singh et al.
1961
Old fluorosis, 7 3,000 1 Franke and Auermann
years without 1972
fluoride
exposure
Skeletal fluorosis 2,650 4 Teotia and Teotia
3,780 1973
4,750
5,850
Industrial 5,617 (2,143)¢ 43 (54 Baud et al. 1978;
fluorosis samples) Boillat et al. 1980
Endemic genu 7,283 (416)¢ 20 (37 Krishnamachari 1982
valgum samples)
Skeletal fluorosis 4,200 to 10,100 9 Boivin et al. 1986
Skeletal fluorosis 13,300 (2,700)¢ 6 Boivin et al. 1988
8,900 (3,400)¢ 5 (summary of
6,900 (1,900)¢ 13 studies®)
5,600 (2,100)¢ 54
6,600 (2,700)¢ 4
7,600 (4,800)¢ 14
Skeletal fluorosis 7,900 (3,600)¢ 29 Boivin et al. 1989;
(range: 4,200 1990/
to 22,000)
Admitted to 5,580 (980)¢ 7 Pettifor et al. 1989

hospital for
skeletal pain
or skeletal
deformities

(range: 4,430
to 6,790)

aSamples from right and left sides in same individual.

bTibia or iliac crest; includes 1 case of stage III fluorosis listed separately above.
“Indicates mean and standard deviation.
dIndicates mean and standard error.

Includes some studies (or individuals from studies) listed separately above.
/Probably includes individuals from other studies listed above.
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TABLE 5-7 Reported Concentrations of Fluoride in Bone (Dry Fat-Free
Material) in Cases of Skeletal Fluorosis

Stage of Skeletal

Fluoride Concentration in Bone,
mg/kg in Dry Fat-Free Material

Iliac Crest or

Fluorosis Pelvis Other Bones Reference
Preclinical stage
Vague symptoms 1,700 and 2,100 Franke and

Stage 0 to 1
Stage O to I

Stage O to I

Stage 1
Early

Early
Stage I

Stage 1
Stage 2
Moderate
Stage I to II
Stage 11

Stage 11
Stage 3
Skeletal fluorosis

Advanced

Stage 111

Stage not given

Old fluorosis, 7
years without
fluoride exposure

1,900

3,000 (mean)

2,300 and 2,900

3,200 (mean)

4,300
4,100 and 4,600

3,000 (mean)

3,600 (mean)

1,700

5,000 to 7,000

6,260 and 7,200

7,680

8,600

8,800 and 9,680

Auermann 1972

Franke and
Auermann 1972
Schlegel 1974

Wolff and Kerr
1938 (cited in
Jackson and
Weidmann
1958)

Sankaran and
Gadekar 1964

Franke and
Auermann 1972

Schlegel 1974

Sankaran and
Gadekar 1964
Franke and
Auermann 1972
Franke and
Auermann 1972
Schlegel 1974

Sankaran and
Gadekar 1964

Sankaran and
Gadekar 1964

Schlegel 1974

Franke and
Auermann 1972
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bone fluoride content, but a given concentration of bone fluoride does not
necessarily correspond to a certain stage of skeletal fluorosis in all cases.
Other factors (e.g., calcium intake) appear to influence fluorosis severity at
different concentrations of bone fluoride.

Overall, the committee finds that the predicted bone fluoride concen-
trations that can be achieved from lifetime exposure to fluoride at 4 mg/L
(10,000 to 12,000 mg/kg bone ash) fall within or exceed the ranges of
concentrations that have been associated with stage II and stage III skeletal
fluorosis. Based on the existing epidemiologic literature, stage III skeletal
fluorosis appears to be a rare condition in the United States. As discussed
above, the committee judges that stage Il skeletal fluorosis is also an adverse
health effect. However, the data are insufficient to provide a quantitative
estimate of the risk of this stage of the affliction. The committee could not
determine from the existing epidemiologic literature whether stage II skeletal
fluorosis is occurring in U.S. residents who drink water with fluoride at 4
mg/L. The condition does not appear to have been systematically investi-
gated in recent years in U.S. populations that have had long-term exposures
to high concentrations of fluoride in drinking water. Thus, research is needed
on clinical stage IT and stage III skeletal fluorosis to clarify the relationship of
fluoride ingestion, fluoride concentration in bone, and clinical symptoms.

EFFECT OF FLUORIDE ON
CHONDROCYTE METABOLISM AND ARTHRITIS

The two key chondrocyte cell types that are susceptible to pathological
changes are articular chondrocytes in the joint and growth plate chondro-
cytes in the developing physis. The medical literature on fluoride effects in
these cells is sparse and in some cases conflicting.

From physical chemical considerations, it might be expected that min-
eral precipitates containing fluoride would occur in a joint if concentrations
of fluoride and other cations (such as Ca?*) achieved a high enough concen-
tration. A single case report by Bang et al. (1985) noted that a 74-year-old
female who was on fluoride therapy for osteoporosis for 30 months had a
layer of calcified cartilage containing 0.39% fluoride (or 3,900 mg/kg) by
ash weight in her femoral head. The calcification was also visible on x-ray.
Unfortunately, the limitation of this observation in a single patient is the lack
of information on the preexistence of any calcified osteophytes. Neverthe-
less, it does indicate that at high therapeutic doses fluoride can be found in
mineralizing nodules in articular cartilage.

Studies evaluating patient groups with a greater number of subjects
found that the use of fluoride at therapeutic doses in rheumatoid patients
showed a conflicting result. In one report (Duell and Chesnut 1991), fluo-
ride exacerbated symptoms of rheumatoid arthritis, but, in another case
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(Adachi et al. 1997), it was “well tolerated” with no evidence of worsening
of the arthritis. No indications from either study implied that fluoride had
a causal relationship with the rheumatoid arthritis. Perhaps the only study
in the literature that attempts to link fluoride exposure to the induction
of arthritis (osteoarthritis) is from Savas et al. (2001), who indicated that
Turkish patients with demonstrated endemic fluorosis had a greater severity
of osteoarthritic symptoms and osteophyte formation than age- and sex-
matched controls.

The veterinary literature also contains a report indicating that, in 21
dairy herds consuming fluoride-containing feed and water, of the 100 cows
examined and determined to have arthritic changes, the bone fluoride con-
centrations ranged from 2,000 to 8,000 mg/kg (Griffith-Jones 1977).

There are no data from which a dose-response relationship can be
drawn regarding fluoride intake and arthritis in humans. However, in a rat
study, Harbrow et al. (1992) showed articular changes with fluoride at 100
mg/L in drinking water but no effect at 10 mg/L. The changes with fluoride
at 100 mg/L were a thickening of the articular surface (rather than a thin-
ning as would be expected in arthritis) and there were no effects on patterns
of collagen and proteoglycan staining. There are no comprehensive reports
on the mechanism of fluoride effects in articular chondrocytes in vitro.

The effect of fluoride on growth plate chondrocytes is even less well
studied than the effect on articular chondrocytes. It has been demonstrated
that chronic renal insufficiency in a rat model can increase the fluoride con-
tent in the growth plate and other regions of bone (Mathias et al. 2000);
however, this has not been known to occur in humans. Fluoride has also
been shown to negatively influence the formation of mineral in matrix ves-
icles at high concentrations. Matrix vesicles are the ultrastructural particles
responsible for initiating mineralization in the developing physis (Sauer et
al. 1997). This effect could possibly account, in part, for the observation
that fluoride may reduce the thickness of the developing growth plate (Mohr
1990).

In summary, the small number of studies and the conflicting results re-
garding the effects of fluoride on cartilage cells of the articular surface and
growth plate indicate that there is likely to be only a small effect of fluoride
at therapeutic doses and no effect at environmental doses.

FINDINGS

Fluoride is a biologically active ion with demonstrable effects on bone
cells, both osteoblasts and osteoclasts. Its most profound effect is on osteo-
blast precursor cells where it stimulates proliferation both in vitro and in
vivo. In some cases, this is manifested by increases in bone mass in vivo.
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The signaling pathways by which this agent works are slowly becoming
elucidated.

Life-long exposure to fluoride at the MCLG of 4 mg/L may have the
potential to induce stage II or stage III skeletal fluorosis and may increase
the risk of fracture. These adverse effects are discussed separately below.

The current MCLG was designed to protect against stage III skeletal
fluorosis. As discussed above, the committee judges that stage Il is also an
adverse health effect, as it is associated with chronic joint pain, arthritic
symptoms, slight calcification of ligaments, and osteosclerosis of cancellous
bones. The committee found that bone fluoride concentrations estimated to
be achieved from lifetime exposure to fluoride at 2 mg/L (4,000 to 5,000
mg/kg ash) or 4 mg/L (10,000 to 12,000 mg/kg ash) fall within or exceed
the ranges historically associated with stage IT and stage III skeletal fluorosis
(4,300 to 9,200 mg/kg ash and 4,200 to 12,700 mg/kg ash, respectively).
This suggests that fluoride at 2 or 4 mg/L might not protect all individuals
from the adverse stages of the condition. However, this comparison alone
is not sufficient evidence to conclude that individuals exposed to fluoride at
those concentrations are at risk of stage II skeletal fluorosis. There is little
information in the epidemiologic literature on the occurrence of stage II
skeletal fluorosis in U.S. residents, and stage III skeletal fluorosis appears to
be a rare condition in the United States. Therefore, more research is needed
to clarify the relationship between fluoride ingestion, fluoride concentra-
tions in bone, and stage of skeletal fluorosis before any firm conclusions
can be drawn.

Although a small set of epidemiologic studies were useful for evaluating
bone fracture risks from exposure to fluoride at 4 mg/L in drinking water,
there was consistency among studies using ecologic exposure measures to
suggest the potential for an increased risk. The one study using serum fluo-
ride concentrations found no appreciable relationship to fractures. Because
serum fluoride concentrations may not be a good measure of bone fluoride
concentrations or long-term exposure, the ability to shown an association
might have been diminished. Biochemical and physiological data indicate a
biologically plausible mechanism by which fluoride could weaken bone. In
this case, the physiological effect of fluoride on bone quality and risk of frac-
ture observed in animal studies is consistent with the observational evidence.
Furthermore, the results of the randomized clinical trials were consistent
with the observational studies. In addition, a dose-response relationship is
indicated. On the basis of this information, all members of the committee
agreed that there is scientific evidence that under certain conditions fluoride
can weaken bone and increase the risk of fractures. The majority of the
committee concluded that lifetime exposure to fluoride at drinking-water
concentrations of 4 mg/L or higher is likely to increase fracture rates in
the population, compared with exposure at 1 mg/L, particularly in some
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susceptible demographic groups that are more prone to accumulate fluoride
in their bones. However, three of the 12 members judged that the evidence
only supported a conclusion that the MCLG might not be protective against
bone fracture. They judge that more evidence that bone fractures occur at
an appreciable frequency in human populations exposed to fluoride at 4
mg/L is needed before drawing a conclusion that the MCLG is likely to be
not protective.

Few studies have assessed fracture risk in populations exposed to fluo-
ride at 2 mg/L in drinking water. The best available study was from Finland,
which provided data that suggested an increased rate of hip fracture in
populations exposed to fluoride at >1.5 mg/L. However, this study alone is
not sufficient to determine the fracture risk for people exposed to fluoride
at 2 mg/L in drinking water. Thus, the committee finds that the available
epidemiologic data for assessing bone fracture risk in relation to fluoride
exposure around 2 mg/L are inadequate for drawing firm conclusions about
the risk or safety of exposures at that concentration.

RECOMMENDATIONS

e A more complete analysis of communities consuming water with
fluoride at 2 and 4 mg/L is necessary to assess the potential for fracture risk
at those concentrations. These studies should use a quantitative measure of
fracture such as radiological assessment of vertebral body collapse rather
than self-reported fractures or hospital records. Moreover, if possible, bone
fluoride concentrations should be measured in long-term residents.

e The effects of fluoride exposure in bone cells in vivo depend on
the local concentrations surrounding the cells. More data are needed on
concentration gradients during active remodeling. A series of experiments
aimed at quantifying the graded exposure of bone and marrow cells to
fluoride released by osteoclastic activity would go a long way in estimating
the skeletal effects of this agent.

e A systematic study of stage IT and stage III skeletal fluorosis should be
conducted to clarify the relationship of fluoride ingestion, fluoride concen-
tration in bone, and clinical symptoms. Such a study might be particularly
valuable in populations in which predicted bone concentrations are high
enough to suggest a risk of stage II skeletal fluorosis (e.g., areas with water
concentrations of fluoride above 2 mg/L).

e More research is needed on bone concentrations of fluoride in people
with altered renal function, as well as other potentially sensitive popula-
tions (e.g., the elderly, postmenopausal women, people with altered acid-
balance), to better understand the risks of musculoskeletal effects in these
populations.
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Reproductive and Developmental
Effects of Fluoride

This chapter provides an update on studies of the reproductive and
developmental effects of fluoride published since the earlier NRC (1993)
review. Studies on reproductive effects are summarized first, primarily cov-
ering structural and functional alterations of the reproductive tract. This is
followed by a discussion of developmental toxicity in animal and human
studies.

REPRODUCTIVE EFFECTS

More than 50 publications since 1990 have focused on the reproduc-
tive effects of fluoride. Most of the studies used animal models, primarily
rodents, and evaluated structural or functional alterations in the male re-
productive tract associated with fluoride. Fewer animal studies evaluated the
effects of fluoride on female reproductive tract structure or function. In this
section, reports of fluoride effects on reproduction in animal models are re-
viewed first, followed by a discussion of the available studies of humans.

Animal Studies

The large number of studies gleaned from a search of the literature
since 1990 that evaluated reproductive tract structure or function in animal
models are outlined in Table 6-1, listing the fluoride dosing regimens and
main observations. Most of the studies were conducted for the purpose
of hazard identification and involved high doses of fluoride to reveal po-
tentially sensitive reproductive-tract targets and pathways. A few selected

181

Copyright © National Academy of Sciences. All rights reserved.



Fluoride in Drinking Water: A Scientific Review of EPA's Standards

http://www.nap.edu/catalog/11571.html

182

*SIIN Ul U043 JO UOLB[NWNIIY “PIDAIIP WINIIS UI 1931J9
100T [23ed JIWA0I13SI[OYI0dAH *$a11AIIOE ISBUIS0IPAYDIP PIOIISAXOIPAY
pue foury) -d/1 pue -d¢ pue u101d ueLIBAO JO SUIIIP JUBIYIUTFIG

*(] UTWEIIA pue g UTWeliA ‘wnioyed ‘poe

J1qI0JSE M 1UdUWIBII) AQ PIdUBYUD SeM A19A009Y 'A19A00a1 [ennied
pamoys skep G 10J JeN JO [emelpyiry uond[dap uedyrusis
PIMOYS WNID[ED WNIS JO SUOTIBIIUIDUOD Y], “WINIIS Y3 Ul
PIAISqO 219M WNIPOS pue wnisselod JO SUONEBIIUIIUOD paduLyuy
‘uoneprxo1ad pidi] UBLIBAO PIsSBIIOUI SEM 1Y ], "ISEB[BIBD puR
oseanwsip apixoradns dseprxorad suoryieyin3 APuwreu—sowizud
aanda101d a1 Jo uonouny pairedwi pue suoryreyan|s jo uononpoid

(dBN) dnoig/og

sfep o¢  Aep/3y/Sw o Jgeaen) ] ‘0Tl
o3urifs
srurspod4y

01 paydene

8661 [93ed paareduwir sem 219Y3 ‘AIeAO 9U3 U] "S[0IU0D Y patedwod £1eao (JeN)  aqn3 Surpasy dnoig/gg
pue LouryD pUE ‘WnIas ‘QULIN 9y} UT PISBAIDUI 319M SUOIIBIIUIIUOD dpLIon|] skep ¢ Kep/3y/3w ¢ “Aqre10 1 Q0T

*£3101X03 dpLIony

wo1j 194031 JUBDYIUSFIS PIsNed DIW Pajead-JeN 03 Wnid[ed pue

PIOE JIQI0dSE JO UONEBISIUIWUPY 901U Paleall Jo d[dsnu sije1010ad

ul £31A130® 9SBUIS0IPAYDP 9IBUIDONS UL JUI[II(] IIAI| PUk d[osnw
66T e 39 SNIWAU013sES Ul Ud3004[3 JO UOIB[NWNIIE JUBIYIUSIS "PIAIISCO (1eN) dnoig/gy
KouryD 919M DUIISAIUI [[BWS PuUB ‘Q[dsnW T9AI[ Ul u1101d paseaiddq sfep ¢ Aep/3y/Suw o Jdeaen) 1 QTN
ERIICREIEN | S199539 uoneing asog oy JpquinN
amsodxy juonemnuaduo)) amsodxyg  “xag ‘saradg

satpmig £101x0], aanonpoiday -9 FTAVL

Copyright © National Academy of Sciences. All rights reserved.



Fluoride in Drinking Water: A Scientific Review of EPA's Standards

http://www.nap.edu/catalog/11571.html

183

panuguod

8661
BULIRYS

pue Loury)

661

exonbag
pue foury)

6861
e1onbog
pue LouryD

'$109}J9 paonpul-JeN [[e JO £19A03a1

paoueyua porrad [emeIpylim Syl Sulmp g pue (J UIWelA Jo
syuowd[ddng 901w JO SI[IISIA [BUIWIDS PUE ‘SUIdJIP seA ‘soprudpido
93 Ul SUOIIBIAI[E D[[OqEIOUW [BIIUBISGNS PIDNPUI JUIWIIBII], “IUNOD
wirads [ewApipids epned pue a3es £J1[1319} UI UONONPIT JUBIYIUSIG
“Anpiqera pue Aynow wiads [ewdprpids epned ur auiap 01
Suipea| ‘pardayje sem ss9001d uoneIniew WIAdg "paldsjje J0U dIoMm
9[0ISIA [BUILIDS PUE SUAIDJAP SeA JO YS9/ Iydiom stwdprpids pue
Apoq ur aseardap 1uedyIusig saprwkpipids ur aseJ 1V Jo A11anoe

se [[om sk ur1oid pue pIoe dI[eIS JO SUOIBIIUIIUOD Ul ISEBIIIIP
Juedyrugis ay3 £q pajepron|a se narfiw [ewpipida ur suoneId |y

‘syuowt
7 0] 1UAWIELIT] JO [EMEBIPYITM 1018 PIATISqO SEM 18T AN[IId] pue
‘fimour wirads ‘qunod wiads ur £19A0591 JUBDYIUSIS *PIAIISqO 1M
sanIewIouqe [1el pue ‘9da1dpiw ‘[ewosoide yam eozojewrads
pare[[oSe[gop Jo s1oquinu 2STe "9JTUW PAILI) YIIM PIIBT dIM dITUI
S[ewd) SUI[Ad [BWIOU UayM eI AII[1119] PIUISSI| PIasned JeN

*S3[DISAA [BUIWAS 1O
pue[3 a1e1501d 91 UT PIAIISO $1D9JF9 ON] IUSUIIBIIL JO [EMBIPYIIM
[3IIM PoAIasqo sem £10A03a1 padjtely elidoad eurwe| oy3 ur asearoul
ue pue uown| 9y} ur wirads ou Ing s1Iqap 99 pue ‘sisouLd

Ieaponu ‘eI1001a1s padwnyd pamoys wnipyds suaiajop sea ay
‘stApipids epned ay3 ur paaresqo wirads Jo aduasqe pue ‘sisoudAd
Ieaponu ‘Jy3ay [[22 [erpy3idas ‘s[[ad JO UOHEPNUIP Ul UOIINPIY
“euUIUN] oY1 Ul wiads JO 90UISqE YIIM $I[NQNI SNOIIJIUIUIIS

J0 s[[92 [e1jayaido [eurwIog Jo UONBZIUEBSIOSI( "PIAIISO

919m wirads Jeurwn| o dudsqe pue sisouwAd [[ao-[erpydy

(1eN)
sfep o¢  Aep/3y/Sw O J3eaen)
(4eN) Lep
sfep 0¢  /3y/8w 0 01 odeaen
(JeN) Aep Iem
sdep ¢ /38w 0T ‘01 Sunyurrq

dnoig/og
I N

dnoigpz

BARERIAY

dnoi3/oy
I N

Copyright © National Academy of Sciences. All rights reserved.



Fluoride in Drinking Water: A Scientific Review of EPA's Standards

http://www.nap.edu/catalog/11571.html

184

'$y[9am ()] 10j pasodxa s[ewue ur Jou Inq

SY2aMm § 10J /3w )O¢ pue Q7 JBN 03 pasodxa s[ewTue ur pasearout
Apueoyrugis a1om spue|3 [erndard pue sa[d1saA [euILs JO s1ySom
2ATIE[OY] "SYPaM ()TI0] T/SWT ()07 JO UOTIBIIUAIUOD € 1B JeN paisaSul
PEBY 1B} SO[BW YIIM PAIBW SI[BWAJ UT PadNpPaT A[Iuesyrusis a1om

Kep/3y/3w
gL pue
b9°ST °$8°8
1JUIWIIBIIY
Noam-( T
Surmp

SISOP UBIIN
Kep/3y/3w
61°6€ ‘08°1C
‘€T
JUIWIIBII)
Yoom-4 Sulmp
S9SOP UBIIN

000T e 3@ $9SN39J J[qeIA PuE SIS uoneIuR[dW] *SY2aM } 193JB J0U INg SHIIM RNEEIY (JBN) /8w 191BM dnoig/o1
eYIRqIy 0T F93je /3w 00€ pue ‘007 ‘001 3¢ AFUEdHIUSIS padnpai A1uIo] 01 PU®$  00€ ‘00T ‘001 Sunjuuq PN

‘wned pue

PIo® D1qI00sE Y10q YaIm pateant sdnoid ur pasunouoid azowr sem

pue £19A0591 padUBYUL WNID[ED JO PIOE JIqIOISE JO UONBISTUTWIPY

*£1940231 939]dw0d In0qe Suliq Jou pIp sAep (¢ 0] JUOWIBIL}

JBN JO uonessa)) ‘ajer £31119) 100d pue 3unod wiads ur 3seaIddp

JuBOYIUGIS B Ul PaInsal wriads ur sowkzua ay1 Jo A11A1dL padnpal

000T PUE SUOIIBIN[E D[OQBIAW PUE [BINIONIIG “PIIdAJJe Jou A11rajul
BULIEYS Teaponu wiadg "pasresqo uone[pSeop pue Ifewep [EWOSOIY (1BND) dnoig/o7
pue foury) "asepruoinjeAy pue UISOIOE [ew0soIde wiads ur aurdap JuedyIudig sfep ¢ Aep/3y/Suw o Jdeaen) RARERIN
ERIIEREIEN | S199539 uoneing asoq oy JpquinN

amsodxy /UONEBIUAIUOD)

amsodxyg  “xag ‘saradg

panuniuoy 1-9 A'TdV.L

Copyright © National Academy of Sciences. All rights reserved.



Fluoride in Drinking Water: A Scientific Review of EPA's Standards

http://www.nap.edu/catalog/11571.html

185

panuguod

100C

CUETE
runo @EN

BULIOA

000T e 3
1eseATH-[Y

$661 e 2
sutfjoD

Y661

.—N Jo uenx

D) UTWEIIA SB 18313 Sk 10U

Sem Inq 199JJ9 JeY3 pBY OS[E { UIWelA ‘A[uo JeN Yy3im pajeand dnois
ay3 yaim paredwod 1omof A[FUedYIugIs Sem SINI[BUWIOUE [BIIISIA
pue [e19[9ys Jo a8e1ua1ad [£101 91 D) UIWEIIA YIIM PIIdISIUTWPE
sem JEN U9\ "SOII[BULIOUE [BIIISIA PUE [BIJ[IS JO 9dUIPIOUL
19ySry Apuedyrudig suonejue[dwl Jo PqUNU pue JYSom duLIIN
ajosqe ‘uondwnsuod pasj ySrom Apoq ur suondINpal JuLdYIuSIg

‘suondiosar Jo Joquinu [e303 Pasearoul pue

‘suondiosar yim siel yueudaid Jo roquinu paseaidul ‘sasniaj d[qela
JO Joquunu paonpay Kep/3y/3w §¢ 7T 3B PIAIISQO AIIDIX010I9]
*A3101X03 JO SU3Is Ou PaMoYs pue ‘paalains Kep

/83/8w §¢ 77 01 pasodxa s1ex Ay [y "sdnoid 99yl Ul PaAIasqo d1am
(eanm3sod payouny ‘A3rey1a] ‘uoneIpAyap) £1191x03 Jo susis [ed1ur|)
*dnoig Kep/3y/3w ¢¢* QT 2yl WO} PaAIAINS 291y3 A[uo pue ‘porrad
Apnis ay1 pastains dnoid Lep/Sy/3w ¢()'g7 Y3 UI SIBI 92 JO SUON

‘(suonerIea [19[3Ys

01 9NP [9A3] 109JJ9 PIAIISQO 1SIMO] Y3 Sutdq Aep/3y/8wt 1°67)
T/SW (0GT YIM [RLUIUIW 919M IpLION]} JO 319939 [eauawrdo[aadg
‘syutod pud aandnpoidas

Aue uo 109330 JuedyIuSIs oN ‘sdnoid asop-19ySIy oy ur padnpax
a19m swiep jo syysem £pog “dnoid ssop-ysiy ay3 ur uondwnsuod
P9 [BUIIBW UT UOIDINPAI JuedyIugis B pue sdnoig asop 1saysiy
0m1 93 ul uondwnsuod 191eM [BUIdIBW Ul SUONINPAT JUBdYIUSIG

‘ewse[do1£> ydoiyoloe| ur sojnueid £1039109s [ewiouqe
a81e] A[pwanxa jo souereadde pue ssjnuersd £1019109s arniew I31e|
JO uonE[WNIIE pamoys uoneurwexd d1dodsorrpy “pue[d Areamid

93 UI PaseaIdul INQ WINIIS Ul PISEIIIIP SEM UOHBIIUIIUOD UIR[OI]
‘sdnd jonuod yim paredwod saynuiwr ()¢ Ul pa[yons [Iw Jo junowe
1omo] pue sdnd ur ured 1y3om £poq jo sajer 1omo[s £q painseouwt

Se ‘SISOION[J JIUOIYD Y31 SIBI Ul UOIIBIOB] JO UOIGIYUI SEM 219Y ],

uoneIsas jo
61 01 9 skeq

Sunew
uuou«vﬂ
‘skep 0¢

‘0¢C

Aep uone1sds
03 UOIII239p
wads jo

Aep woig

uoneide| pue
AoueuGoad
y3noayy

pue Sunew
910J9q sAep
09 WoI[

(1eN)
Kep/3yy/suw of
(1eN)
Kep/3y/3w
€0°8C pue
‘G781 ‘85°TT
“mumOmu Ewoz
(deN)

/3w 009 pue
‘00¥ 00T
(1eN)
Kep/3y/3w
I'ST pue ‘L'$¢
961 6°¢ b1
“mumOmu Ewoz
(deN)

/8w 0T SLT
‘00T ‘ST 01

(4eN)
/8w ST

Jdeaen)

191EM
SunyuLq

191EM
SunyuLq

Jalem
Sunyurrq

dnoig)o1
mm nuwm

dnoig)o1
mm nuwm

dnoig/ge-¢c¢
mm nuwm

([om3u02)
81 ‘(paream)
ST ey

Copyright © National Academy of Sciences. All rights reserved.



Fluoride in Drinking Water: A Scientific Review of EPA's Standards

http://www.nap.edu/catalog/11571.html

186

*9U0q Y1 UT ISBIIOUT 01 Papual dury sdnoid yoom

-91 oy ut A[rejnonied ‘Apuedyrudis paseardop sASUpL| pue ToAl]
‘ewse]d ‘521593 Y3 UI DUIZ JO SUOMBIIUIIUOY) "AUOJ PUE ‘sAoupry
TOAT] 91 UT PASLAIOUT 219M 1IN dPLION £Q Pa1dagje 10u a1om ewse[d
puE $2152] ) UT SUONBIIUIIUOD UOI] "PASUBYD 10U 21oM SLUpIy
pue I9A1[ ‘s31591 9y3 ul IsaueSuew pue 129ddod Jo suonenuIdUO))

7661 *$3[aM 9 193JE $33531 93 Jo winijayIida [eurwIag oyl ur sagueyd
D[SMOISO[ M\ s13ojoyaedolsiy patiqryxa sdnoid Juswieann yioq ur siel ay3 Jo
pue Juad10d £3j14 *s]013IU0D Yam paredwod SUOBIIUIIUOD 1833 YI0( IB Syoam (JeN) T1/Sw 1em dnoig/p1
BYSMOSEIY UO( PUE $31533 YJ Ul SUONBIIUIIUOD IPLION[J UI 3SLIIOUT P[OJ[BIIAIG 91 pue 9 00T PUe 001 Supjunq ‘N ey
3unod pue Low widds paseardsp 01 painqiiie LIN[IJ Ul JUIIIP
JuBdYIUSIG "PIIdAJJe JOU 219M SUONIBIIUIOUOD JUOIIISOISI) WINIIS
pue [019153]0YD 1B[NO1SIT ‘sTwApipido epned 9yl UO PIAIISQO Sem
109§j0 pasunouod a1ow y "PAQIYUI 2IoM $31833 Ul sIprwApipido
7661 '[e 19 Ul SUOIIBIIUIDUOD PIdE dIfels pue ‘A3ande asereydsoydin (4BeN) Lep/3y I1em dnoigzy
KouryD QUISOUIPE ‘531591 Y1 UI AIAIIOE ISBUIS0IPAYIP 218UIING sep ¢ /3w ] pue ¢ SunyuLq ‘N ‘rey
BIUDI9JOP
‘PaAI9SqO 219M SINI[BWLIOUE 18] BSEA 9Y1 01Ul
pue uone[pSeya "saprwipipido sepned ul Junod wiads ur auIdIp uondaur
BI661 B9 B UI Pa3[Nsal SIY T, "$93$93 Y3 JO I[NNI SNOIJIUIWIS dYI JO BUIWN| uonda(ur (.1eN) asopoxtwr  dnoid/)z-S1
KouryD a1 ur eozolewrads Jo aouasqe pue sisauadoreuriads Jo 15911y asop 9[8uIg T 05/8d o¢ J[8uIg ‘N ‘rey
ERIICREIEN | S199539 uoneing asog oy JpquinN
amsodxy juonemnuaduo)) amsodxyg  “xag ‘saradg

panuniuoy 1-9 A'TdV.L

Copyright © National Academy of Sciences. All rights reserved.



Fluoride in Drinking Water: A Scientific Review of EPA's Standards

http://www.nap.edu/catalog/11571.html

187

panuguod

9661 [ 3
opueidg

S661
‘[e 19 oeyyZ

$661 '[¢ 39
foury)

qreel
KLouryD) pue

euefeIEN]

Y661
KLouryp pue
rUBKBIEN]

*S[[92 SIPAST uo 109339

ON 'sInoy 47 113 sdnoid paidalur-oprionyj pue -3[d1yaA Yoq ul 11s
uonda(ur 38 PaAIdSqo sem uonen[gul 31450309 redpnuoydiowsog
'$91593 Pa3da(UIUOU UI PAAIISqO Sem IFeWEpP OU 5331593 pasodxa pue
[013U02 Pa193[UI-3[O1YIA UT PIAIISO dFBWEP I[NNI SNOIJIUIWIG

‘SY9oM 9 pue ﬁOmO&Nv SJeT JO IOAI o3
Ul Paseardap \ﬁuﬁmuwﬁﬂwﬁm SEM UONBIIUIDUOI [0I31SI[OYD SNSIT, ‘S1ex
_vwwonmku Ul oW} Yyirm pasealrdap uoneljuaduod auo.1931s03sa) wniag

*SUQI9JOP SBA PUE SI[JISIA [BUILUIS UI PISBIIIIP IS0IdNIJ pue
SUQIOJOP SBA Ul PAIB[AWNIOE UIF0IL[D) “JUdWILII) 191J8 PISEIIIIP
Apueoyrugis a3eisord pue 9[o1saA [BUIWAS ‘SUIIYAP SeA ‘uolsuadsns
wirads [ewApipids epned ur SUONEIIUIIUOD UIIOI] "PIAIISCO SEM
w1ads JO SUOIBIIUIOUOD JIA[0IIDIO Ul UOIONPAT JUBIYIUFIS Y
‘spidijoydsoyd sueiquow wrads ur sadueyd pue AfIqera paonpas
xapur £11a108 [eripuoydoliw wirads moj “Airnow wiads moj 03
Suipeo] ‘wiads ur suoneIdE JI[OqEIdW PUL [BINIONIIS UL PII[NSI
JuduIBAI] “wnid[ed uriads ur asir snoaueinus e ym (wdd 1170

F 9°C) SUONEBIIUIIUOD SPLION[J WNIIS U UOLIBAI[D JUBIYIUTFIG

*SUONENUOU0d UdSoIpue
[IM UONIB[O1I0D UI I93dweIp [[20 S1pAaT oY1 ur a8ueyd Juedyrusis
© paedipul sas£[eue dLowoydiowolsiy ‘uonsadur JeN 4q

Pasea1d9p AjIsapowt a1om sanIAnde qSH-g/1 pue qSH-g¢ 1enonsay,
*SUOIIBIIUIIUOD [0IISI[OYD JB[ND1ISA] Ul d3ULYD JUBIYIUSIS ON

'$109JJ9 paonpul-JeN
JO £19A0231 JuBdYIUGIS paonpoid wnid[ed pue pIdk dIqI0dSY “SABp ()
103 JUoUIBAI) BN JO [EMEBIPYIIM I8 PIATISqO A19A0221 239]dwoouy
*A31[1319] padnpar pue ‘Junod wrads [ewpipids epned paseaiddp
“frmow wrads ur aurap ‘wirads jo uone[pSejop pue sSewep
[EWOSOIdE PapN[OUL SUOIIBAIISO JOYI() "PIINPAT 2I9M UISOIOE

pue asepruoinjedy [ewosoroe wiads ‘quawiean jo sep (¢ 11y

uonoa(ur
d[8urg

(qeN) wdd
0ST ‘LT ‘0§

(dBND)

$3j9am 9 ‘4 ‘7 /W 00T ‘00T

skep
0S pue 0¢

skep g

skep 0§

(dBND)
Kep/3yy/sw o1

(dBN)
Kep/3yy/sw o1

(4eN)
Aep/3y/3ur o

S11S9]
39 ‘uondsluy

JIayem
Supjuuq

Jgeaen)

Suipasy
310Jaq
pasassturwipe
11EM
SunyuLq

J3eaen)

dnoagyz
mz nuwm

dnoig/g1
nz n“.ﬂm

dnoig/pe-01
mz nuﬂm

dnoig)o1
mz nuwm

dnoi3/p¢-s7
nz AHNM

Copyright © National Academy of Sciences. All rights reserved.



Fluoride in Drinking Water: A Scientific Review of EPA's Standards

http://www.nap.edu/catalog/11571.html

188

‘uononpoidar 109je
jou pip /3w ()¢7 03 dn JuswIBAI], "PIIdAJJE J0OU IIoM SOLIRI Ulelq

-03-ued1o pue ‘sonel Jysm £poq-03-uesIo ‘[eAlAIns pue A1} SUONIBIAUAZ
‘Gunepy ‘uoneIauad AUB Ul PIAIISO 2I9M S1D9JJd IATB[AWND ON| (.1eN) ¢
BLO0T I8 P ‘uondnpoidar uo 1993j0 ou Afiqele[ed paseaiddp 03 paingLiie /8w 0ST ‘SLT 11em  dnoi8/gy-9¢
surjjoD /8w 067 pue G/ T 38 pastesqo uondwnsuod pinjj paseardaq syoam (] ‘001 ‘ST ‘0 Supjuniq 9 N ey
*(77/8w Q1) dnois pazeon
-JeN 2y Ut apnsded Te[nonssy oy ur pue (/3w 07 pue ¢/ 1) sdnoid
Pa1Ba1I-JBN Ul PaAIasqo sem wnipdyiopud doneydwL] ay3 jo 1usdrod
SWN[OA PUEB JWNJOA 9IN[OSTE Y3 UI ISBIIIAP JUBdYIUSIS A[[ed1IsneIs
‘wnippyds snosajIuIwas 9yl Jo 3YSIoY UBIW puE I9I9WERIp d[nqnl
SNOJAJIUIWIIS UBIUW ‘UOI1D9s-$S01D Te[nqni 1od 1oquinu 1joaponu [[90  Jurueam-1sod
1]0319§ UBOW ‘BAJE 90BJINS JB[NQNI 9IN[OSqe puk YaSuo Je[nqni SPIM-f ]
ainjosqe 10 uawn| renqni ‘sageydoroew ‘9deds oneydwA] Take| ‘uonelde| (1eN)
8661 [e 19 A1epunoq [9ssaa poo[q ‘s[[90 S1p4aT ‘adeds [ennsiaiul ‘sanqni Surnp T/8w 06T 19BM
opueidg SNOJJIUIWIS IYI JO SWN[OA JIN[OSE UO 19}Jo JuLdYIugIs ON ‘ormul  ‘GLT ‘00T ‘ST SunjuLiq  §T ‘N ey
‘uonerdudd 'y oy 10 J oy 1oyaro woiy sonssy Je[nonsal ur  (Suneunsod
PaAI9sqO 219M $aZUBYD [BIIZ0[0ISIY ON "SUOIIBIIUIIUOD JUOIIIS0ISAI Noam |
wniss 10 ‘Quourioy une[nuwins-3[d1[[oj ‘Quourioy Sulziuain| ‘s1saj Jo ‘Gunewr
weis 1od uononpoid wiads Aep 1od snsa1 jo weid 1od uononpoid SYoam ¢
wrads ‘syunod prewsads 1e[nonsa ‘syygrom uedio sanonpoidaiuou  ‘quounreanaid (1eN)
L66] ‘T8 30 ‘SIyS1om 9[1saA [eurwas/aiesod ‘s1ydrom sisay ur sdnoid uoneroudd $)o9M ()] ) /8w 00T I1em dnoigzy
opueidg ' o3 pue so[EW UOMEIOUS J SY) UIYILM PIATISCO JIIM S199§J9 ON| SYPM T GLT ‘00T ‘ST SunyuLq ‘N Iy
ERIICREIEN | S10945q uoneing aso( oy IPqunN
amsodxy juonemnuaduo)) amsodxyg  “xag ‘saradg

panuniuoy 1-9 A'TdV.L

Copyright © National Academy of Sciences. All rights reserved.



Fluoride in Drinking Water: A Scientific Review of EPA's Standards

http://www.nap.edu/catalog/11571.html

189

panujuod

qre61 e 10
Loury)

eT661
1seys

€C00¢T

uiHeys
euno) pue

BULIOA

2007
e 39 ysoyn

"Pa11n250 £19A0931 PAYIBW ‘WNID[ED PUB PIOB J1I0ISE

JO UONENSIUTWPE YA\ "IUIWIEBIT) WOIJ SAep ()¢ JOJ [EMBIPYITM
191J8 £19A0221 ON "wisijoqeldw pue A3ojoydiowr ur sadueyd pue
Junod pue Aynow wrads padnpar 03 paje[ar A1) Ul AU

‘s[ewrue
PaIBAII JO S1S9) UI PIAIISQO SPIDE £1IBJ 991J JO JUNOWE UT ISEIIOUI
(10070 > d) 3ueoyIudIg sIS0dIX03 ApLION[} 03 Isuodsar ur paAIasqo
sem sisayiudsorq pidi] pasueyua pajedipul eiwa[o191s9[oydradAy
pue ‘erwapriodL[3iniadLy ‘erwspidijoydsoydiadAy suqqes
Pa18a1) UT PIATISQO $1591 UT sPIdI] JO WONB[NWINIIL [BULIOU]Y

‘uroad pue 9soon(3 ‘wnisseiod ‘wWNIPos Jo UONBIIUIIUOD

WNIds Ul Pue suondNpai 1ySam £poq ur syuawasoxdwr [eriueIsqns
pasnes g UIWENIA [IIM JUSUNEIT) [EUONIPPY ‘SUOTBIIUIDIUOD urajord
pue “as0on|3 ‘wnisseiod ‘wnipos wnids ur pue uondwnsuod pagdy ut
uoneIoIPUE JULdYIUSIS Pasned Uone1de] SuLMp 1uawIean JeN jo
[EMEBIPYILA *SIBI pasodxa Jo WwnIas oY) Ul SUOTIBIIUIOUOD wnisseiod
pue ‘wnipos ‘urazoid 9s0dn[3 se [[om st ssO[ IYSm £poq 9101831
01 padjoy g pue ‘q D SUTWEIA JO UONBNSIUTWPY "WINIAS Y1 U
uraoid pue 9s00n[8 Jo UONEBNUDUOD ‘Uondwnsuod pady IySom
Apoq ul suoLINPIT JUBIYIUSIS YIIM PIIBIDOSSE JUIWILILI JEN

*sjonuod Yam paredwod se dnoid

pasodxa ur 3o1]od wirads oY1 ur sonIAOE 9se[eIed pue asepixorod

ur uondNpar Juedyrudig *39[[ad waads fewdpipids pue ‘studprpids
€S1191 91 UI SAUAIP palesn(uod Jo UONBIIUIIUOD pasealdul ue £q
P9IBDIPUL SE ‘SS913S JAIIBPIXO UIIM PIIBIOOSSE SEAM JUIWILILY JEN
*dnoi8 pasodxa ay3 ur roZOIEWIAdS [RUIUN] INJBW J9MIJ PUE JUNOD
wirads ewApipids pasea1dd(q *dnois pasodxa ay1 ur 9U0IS019159)
O suoneruaduod ewseld ur uondnpar [enueIsqng Apuedyrusis
PaseaId9p d1oM SaTANOE QSH-GLT Pue qSH-g€ Te[nonsaL,

(4eN) 4ep
skep o¢ /88w 0F ‘0T

(deN)
Kep/3y/3w

skep 00T 0 ‘0T ‘01 S

uorelde|
jo 1 Lep

01 uone1sad (1eN)
jo9deq  Aep/3y/Buw ot

(4BN)
sdep g7 Aep/Sy/Bw 0T

paag

uondalur
snoaueINdqNg

J3eaen)

J3eaen)

dnoig/g
‘W Nqqey

dnoig/o1

q ‘nqqey

dnoi3o1
AHH nz AH.N.M

dnoig/g
nz AHNM

Copyright © National Academy of Sciences. All rights reserved.



Fluoride in Drinking Water: A Scientific Review of EPA's Standards

http://www.nap.edu/catalog/11571.html

190

‘padnpar sem
sue810 9SOy} Ul s9[nueIs £1039199S JO IOqUINU Y3 S[EWIUL PIILIL
-yiuow-¢7 9yl ur paonpar Apuedyrugis a1om nded pue stwdpipida
epned ay1 Jo s1ySop) ‘dnoid jusuneann yauow-¢g Yl ul paArasqo
stwdpipida snionp epned pue nded oY1 JO I9I9WERIP SYI UI ISBIIIUL

S661  3ueoyrudis pue ‘wnipyiids reuwn|od paynensopnasd ay3 jo Yoy
B[O9USNG Y3 UI SBIIDAP JUBDYIUSIS “BI[ID03IAIS JO SSO "pIseardul A[puedyrusdis syauowr (.1eN) 100EM dnoigzt
pue Jewny] 9I9M S[BLWITUE PIJEIII JO BIIS Y3 UI SUOIIBIIUIDUOD dpLIon|q czpue o7 Kep/s8y/Sw o1 Sunjuiq N ‘aqqey

‘PaAI3sqO Sem

SNI[ONU Y3 JO SIJLJINS JB[} Y3 WOIJ SWOSOIIE Y3 Jo Furad pue

JuUaWIYORIAP pue ‘win[adefy Y3 Jo da1d S[ppIwr dy3 JO BLIPUOYDOIIW

9 UT $129J9p [BINIONIIS ‘YIBAYS SNOIQY oY) JO UMOPBII] ‘STaqQY

9SUIP 1IN0 JO SUOMEIIdE JLIDWNU PUE [BINIONIS ‘SOUIDUOXE JO

661 9ouasqe 239]dwod ‘sa[NGNIOIDIW 1IN0 JO DUISAY "SIqqeT pAjears
B[oaysng 31 Ul paAIasqo arom eozoleurtads ewdpipids pue sprewads ay3 (IeN) 100EM dnoig;g
puUE JEWNY  JO SNI[ONU Y} PUE QWIOSOIOE ) ‘WN[[IT.[J AYI UI $199J9P [BINIONIIG sqauow g1 Aep/3y/ 8w o Sunjuig N ‘aqqey

*SYIUOW g7 10J Paleanl siiqqel

ul £[uo pajou sem s1sauagoiewrods JO UOLIBSSI) "SUIAJIP SBA puE

$9IUAIAYS 1[NIdNP Y3 JO uawn| ay3 jo Jurur] [erpyaida ays Jo suordax

2UIOS UT T8I 10U 219M PUE JJo pafaad s[[ad Jo sarrepunoq Y],

1661 ‘PaAIISO SeM SUIIJIP SeA 93 JO uown| 9yl Surul] s[[ad [erjayida
Tewny| pue 3y3 Uo BI[1902133s Jo pue siprwApipids Indeds 9y Jo sajuaIayye syauowr (1eN) 101EM dnoig/o1
B[oaysng 1[n1oNnp Y1 Jo uawn| ay3 Surul] s[[ad [erayaida ay1 uo BIId JO SSO] 6710 81  Aep/3ySw o SunjuLg N iqqey
ERIIEREIEN | S199539 uoneing aso(q oy JpquinN
amsodxy juonemnuaduo)) amsodxyg  “xag ‘saradg

panuniuoy 1-9 A'TdV.L

Copyright © National Academy of Sciences. All rights reserved.



Fluoride in Drinking Water: A Scientific Review of EPA's Standards

http://www.nap.edu/catalog/11571.html

191

drew ‘I foseudgoIpAyap pro1aisAxoipAy ‘qSH d[ewd) o :SNOLLVIATIIIY

0661 "I 32
S1aquaPydg

L661 83
foury)

L661
Iewny] pue
B[o9ysng

'sSop pajean (O] JO 4 Ul PIAIISQO SEM SISOISOXD
Auog "judunean o1 o[qeInguie uondonpoidal uo 199339 3SIAPE ON

‘s1o3owreted 9593 ur £19A0031

03 P3[ PIdk JIGI0ISE JO UOLBIISIUIUPY "S[EWIUE PIIBII] JO SIS}
UT PISBAINIP 2I0M SUOTIBIIUIIUOD JUOTYILIN[S pue ‘aseusfoIpAyop
91eUIOINS OSeJLY "Paalasqo a1om spidijoydsoyd suerquisw
wrads ur $9sBaIOU] "OL3BI PRIP/IAL] AI[HOW XIPUTl AIALIDE
[errpuoydoIT wirads UT SaSLIDp [ETUEISqNS 01 pa] eozojewrads
[ewdpipido epned oY1 JO SUOIIBIIE JI[OQLIW PUE [BINIONIIS

*P21eI10Ua3op Sem SISl A JO ANSST) [BNNISIANU] *SIqeT

P218311 UT PAAIISCO SUOISN[OUT SNOJUIWE[Y TBI[ONUBIIU] *SIIqBI
pasodxaun jo s[[90 S1p4aT yirm paredwod wnnonas drwsejdopus
yroows pue s19[doip pidi Jo s1oquinu 19mO[ pey S[[20 SIPAIT *S[[2
S1pA5T 9y JO 9BISLID [BLIPUOYDOIIW pue Wn[nonal drwsejdopus
Ja00Ws Y3 JO UONEB[IP SEM 1Y, ([00°0 > J) S}qqel pajean ul
PaseaIdut A[uedyIuSIs 91oM BIAS 9Y) UT SUOTIBIIUIIUOD dPLION]]

SIBIA 7

skep ¢

syauow
€Cpur 81

(oprronyy)
wdd o9t

(dBND)
Lep/3y/8w ¢

(deN)
Lep/3y/Buw o1

Py

JGeaen)

Jajem
Supjuriq

dnoig/s ‘W
] “Gopdaayg

dnoi3/o1
nz nmﬁm
eauIno)

dnoig/z1
‘W nqqey

Copyright © National Academy of Sciences. All rights reserved.



Fluoride in Drinking Water: A Scientific Review of EPA's Standards
http://www.nap.edu/catalog/11571.html

192 FLUORIDE IN DRINKING WATER

examples illustrate the results of the many hazard identification studies:
(1) cessation of spermatogenesis and alterations in the epididymis and vas
deferens were observed in rabbits administered sodium fluoride (NaF) at
10 milligrams per kilogram (mg/kg) of body weight for 29 months (Su-
sheela and Kumar 1991); (2) effects on Leydig cells and decreased serum
testosterone were observed in rats exposed to NaF at 10 mg/kg for 50 days
(Narayana and Chinoy 1994b); and (3) decreased protein in the ovary and
uterus and decreased activity of steroidogenic enzymes (3B-hydroxysteriod
dehydrogenase [HSD] and 178-HSD) was found in mice treated with NaF
at 10 mg/kg for 30 days (Chinoy and Patel 2001). In general, the hazard
identification studies show that the reproductive tract is susceptible to
disruption by fluoride at a concentration sufficiently high to produce other
manifestations of toxicity.

For risk evaluation, a comprehensive multigenerational study of fluoride
effects on reproduction using standard guidelines and adequate numbers of
animals has been conducted in rats (Collins et al. 2001a). Rats were admin-
istered drinking water with NaF at 0, 25, 100, 175, and 250 mg/L over three
generations. No compound-related effects were found on mating or fertility;
gestation or lactation; or F, survival, development, and organ weights. No
alterations in the teeth were seen except for mild whitening observed in
rats exposed to fluoride at 100 mg/L or greater. That well-conducted study
concluded that NaF at concentrations up to 250 mg/L in the drinking water
did not alter reproduction in rats (Collins et al. 2001a).

Human Studies

The few studies gleaned from a search of the literature since 1990 that
evaluated reproductive effects of fluoride ingestion in humans are outlined
in Table 6-2, listing the estimated fluoride exposure and main observations.
In highly exposed men with and without skeletal fluorosis (fluoride at 1.5-
14.5 mg/L in the drinking water), serum testosterone concentrations were
significantly lower than in a control cohort exposed to fluoride at less than
1.0 mg/L in drinking water (Susheela and Jethanandani 1996). Although
there was a 10-year difference in the mean ages between the skeletal fluoro-
sis patients (39.6 years) and control subjects (28.7 years), this study suggests
that high concentrations of fluoride can alter the reproductive hormonal
environment.

In an ecological study of U.S. counties with drinking-water systems
reporting fluoride concentrations of at least 3 mg/L (Freni 1994), a de-
creased fertility rate was associated with increasing fluoride concentrations.
Because methods for analyzing the potential amounts and direction of bias
in ecological studies are limited, it is possible only to discuss some of the
strengths and weaknesses of this complicated study (see Chapter 10 and
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Appendix C for a more in-depth discussion of ecologic bias). Freni’s study
is actually partially ecologic; the outcome (fertility) is age-standardized at
the individual level, while exposure to fluoride and covariates are measured
at the group level. Controlling for age of the mother is a strength of the
study, but to avoid bias all ecological variables should be standardized in
the same fashion (Greenland 1992). The model adjusted for a number of
important socioeconomic and demographic variables at the group level,
but these might not adequately control for individual-level determinants
of fertility such as family income and use of contraceptives. For example,
median income (a group-level variable) and family income (an individual-
level variable) may have independent and interactive effects on outcome.
One of the two ecologic exposure measures examined the percentage of the
population served by water systems with fluoride concentrations of at least
3 mg/L. That has the potential advantage of not assuming an effect at lower
fluoride concentrations (as does the mean fluoride concentration, the other
exposure measure), but it has the disadvantage that, unlike individual-level
studies, nondifferential misclassification of dichotomous exposures within
groups tend to bias ecologic results away from the null (Brenner et al. 1992).
While the results of the Freni study are suggestive, the relationship between
fertility and fluoride requires additional study.

A study of workers in Mexico, who were occupationally exposed to
fluoride (estimated to range from 3 to 27 mg/day) producing hydrofluoric
acid and aluminum fluoride, found alterations in serum hormone concen-
trations with normal semen parameters (Ortiz-Perez et al. 2003). However,
that study involved a comparison of a high-fluoride-exposed group and a
low-fluoride-exposed group with poorly defined exposures and overlapping
exposure characteristics.

Overall, the available studies of fluoride effects on human reproduction
are few and have significant shortcomings in design and power, limiting
inferences.

DEVELOPMENTAL EFFECTS

There is wide variation with some correlation between fluoride concen-
tration in maternal serum and cord blood, indicating that fluoride readily
crosses the placenta. In general, average cord blood concentrations are ap-
proximately 60% of maternal serum concentrations, with proportionally
lesser amounts present as higher maternal serum concentrations (Gupta
et al. 1993; Malhotra et al. 1993; Shimonovitz et al. 1995). Therefore,
potential toxicity to the developing embryo and fetus in the setting of high
maternal ingestion of fluoride has been a concern evaluated in both animal
and humans.
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TABLE 6-2 Human Reproductive Studies

Subjects

Exposure Route, Duration

Concentration/Dose

Pregnant women (n = 25)

Pregnant women (n = 25)

Pregnant women
undergoing amniocentesis
(n = 121, divided into 6
exposure groups)

Men (ages 28-30; n = 8)

30 regions spread over nine
states

Pregnant women (n = 22)

Men with skeletal fluorosis
(n = 30)

Male workers in Mexico
(ages 20-50; n = 126) , who
produce fluorohydric acid
and aluminum fluoride

Drinking water

Drinking water

Oral doses, 24 hours and 3
hours before amniocentesis

In vitro with spermatozoa,
intervals of 5, 10, and 20
minutes

Drinking water

Drinking water

Drinking water

Drinking water

Maternal blood fluoride
concentrations ranging from
0.1 to 2.4 ppm

Maternal plasma fluoride
concentrations ranging from
0.12 to 0.42 pg/mL

0.56, 1.12, 1.68, 2.30, or 2.80
mg of NaF corresponding to
0.25, 0.50, 0.75, 1.00, or 1.25
mg of F-

25, 50, 250 mM (NaF)

> 3 mg/L (fluoride)

Maternal serum fluoride
concentrations ranging from
0.003-0.041pg/ml

1.5-14.5 mg/L (fluoride)

3-27.4 mg/day (fluoride)

ABBREVIATIONS: FSH, follicle-stimulating hormone.

Copyright © National Academy of Sciences. All rights reserved.



Fluoride in Drinking Water: A Scientific Review of EPA's Standards
http://www.nap.edu/catalog/11571.html

REPRODUCTIVE AND DEVELOPMENTAL EFFECTS OF FLUORIDE

195

Results

Reference

Fairly positive correlation (r = 0.736) between cord blood values and
maternal blood fluoride concentrations. On average, the cord blood
fluoride concentration was about 60% that in maternal blood. At a
maternal fluoride concentration greater than 0.4 ppm, the cord blood
fluoride concentration increased by only about 12%. The placenta was
found to serve as an effective barrier within this range.

Cord plasma fluoride concentrations ranged from 0.11-0.39 pg/ml. In 8%
of the cases, cord plasma concentrations were higher than maternal plamsa
concentrations. Positive correlation (r = 0.97) in fluoride concentrations
between maternal and cord plasma indicates that the placenta allowed
passive diffusion of fluoride from mother to fetus.

F-concentration in amniotic fluid was significantly higher than controls in
the 1.25 mg/day F-group but not in any of the other exposure groups. No
significant correlation between F-concentration in maternal plasma and in
aminotic fluid.

Substantial enhancement of acid phosphatase and hyaluronidase activities
after 5 and 10 minutes (P < 0.001). Decrease in lysosomal enzyme

activity after 20 minutes. Analysis of sperm revealed elongated heads,
deflagellation, splitting, loss of the acrosome, and coiling of the tail.
Glutathione concentrations exhibited time-dependent decrease with
complete depletion after 20 minutes (P < 0.001). Suppressed sperm motility
after 20 minutes at a dose of 250 mM (P < 0.001).

In this ecological study, there was an association between decreasing

total fertility rate and increasing fluoride concentrations in most regions.
Combined result was a negative total fertility rate/fluoride association with
a consensus combined P value of 0.0002-0.0004. Association was based on
population means rather than individual women.

Cord serum fluoride concentrations ranged from 0.003-0.078 pg/ml,
and neonatal serum concentrations ranged from 0.017-0.078 pg/ml. No
correlation in fluoride concentrations found between maternal and cord
sera, maternal and neonatal sera, or maternal and neonatal sera.

Serum testosterone concentrations in patients were significantly lower than
controls (P < 0.01).

In the high-fluoride exposure group, a significant increase in FSH (P < 0.05)
and a reduction of inhibin-B, free testosterone, and prolactin in serum (P <
0.05) were observed. Decreased sensitivity was found in the FSH response
to inhibin-B (P < 0.05) when the high-exposure group was compared

with the low-exposure group. Significant partial correlation was observed
between urinary fluoride and serum concentrations of inhibin-B (P <
0.028). No abnormalities were found in the semen parameters in either the
high- or low-fluoride exposure groups.

Gupta et al.
1993

Malhotra
et al. 1993

Brambilla
et al. 1994

Chinoy and
Narayana
1994

Freni 1994

Shimonovitz
et al. 1995

Susheela and
Jethanandani

1996

Ortiz-Perez
et al. 2003
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Animal Studies

Studies gleaned from a search of the literature since 1990 that evaluated
developmental toxicity in animal models are outlined in Table 6-3, listing
the fluoride dosing regimens and main observations. High-dose hazard
identification studies, such as a recently reported Xenopus embryo devel-
opment study using the FETAX assay (Goh and Neff 2003), suggest that
developmental events are susceptible to disruption by fluoride.

For risk evaluation, several comprehensive studies of fluoride effects on
development using standard guidelines and adequate numbers of animals
have been conducted in rats and rabbits (Collins et al. 1995; Heindel et al.
1996; Collins et al. 2001b). Those high-quality studies evaluated fluoride
concentrations in drinking water of 0-300 mg/L in rats and 0-400 mg/L in
rabbits. Across the studies, there was a trend toward lower maternal body
weights and lower maternal intake of food and water at the higher concen-
trations in both rats and rabbits (250-400 mg/L). Overall, developmental
effects of fluoride were minimal, with 250 mg/L in rats being the lowest-
observed-adverse-effect level due to skeletal variations (Collins et al. 1993,
2001Db). For rabbits, the no-observed-adverse-effect level was >400 mg/L
for administration during gestation days 6-19, the period of organogenesis
(Heindel et al. 1996).

Human Studies

The few studies gleaned from a search of the literature since 1990 that
evaluated developmental effects of fluoride ingestion in humans are outlined
in Table 6-4, listing the type of study, estimated fluoride exposure, and main
observations. These studies have focused on examining an association be-
tween fluoride and three different human developmental outcomes—spina
bifida occulta, sudden infant death syndrome, and Down’s syndrome. Two
small studies have raised the possibility of an increased incidence of spina
bifida occulta in fluorosis-prone areas in India (Gupta et al. 1994, 1995);
larger, well-controlled studies are needed to evaluate that possibility further.
Studies from New Zealand (Mitchell et al. 1991; Dick et al. 1999) found
no association between fluoride and sudden infant death syndrome. In one
of those studies (Dick et al. 1999), a nationwide case-control database of
sudden infant death syndrome was evaluated for fluoride exposure status
and controlled for the method of infant feeding (breast or reconstituted
formula) with the conclusion that exposure to fluoridated water prenatally
or postnatally at the time of death did not affect the relative risk of sudden
infant death syndrome.

A small number of ecologic studies have examined Down’s syndrome
(trisomy 21) prevalence among populations in municipalities with differ-
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ences in water fluoride concentrations. The possible association of cytoge-
netic effects with fluoride exposure (see Chapter 10) suggests that Down’s
syndrome is a biologically plausible outcome of exposure. There are other
indications in the literature that environmental exposures could contribute
to an increased incidence of Down’s syndrome births among younger moth-
ers (Read 1982; Yang et al. 1999; Hassold and Sherman 2000; Peterson and
Mikkelsen 2000).! There are many difficulties with analyzing the available
data on Down’s syndrome and fluoride. First, the source of the data on
Down’s syndrome births must be considered. Sources have included birth
certificates, hospital records, and reports from parents. Birth certificates are
not an ideal source of data because signs of Down’s syndrome are not always
readily apparent at birth and the condition, even when diagnosed early, is
not always recorded on the birth certificate. Thus, considerable differences
can be expected in the data collected when different sources are used to
determine the incidence of the disorder. At the present time, the only firm
diagnosis of Down’s syndrome comes from examination of chromosomes
or DNA. Second, the mother’s history of exposure to fluoride is difficult to
determine. The fact that a woman has a baby in one city does not mean she
is from that city or indicate how long she has been in the region. Third, the
age of the mother is an important risk factor in the occurrence of children
with Down’s syndrome; the rates rise exponentially with age.

'Some fraction of maternal recombination events, prior to the first meiotic division, appar-
ently result in a chromosome 21 tetrad (paired chromosomes each with two chromatids) that is
more susceptible to nondisjunction, due to lack of a cross-over or to very proximal or very dis-
tal location of the cross-over (Lamb et al. 1996; 1997; Brown et al. 2000; Hassold and Sherman
2000; Petersen and Mikkelsen 2000; Pellestor et al. 2003). Production of the susceptible tetrad
occurs during the mother’s own fetal development and appears to be age-independent (Lamb et
al. 1996; 1997; Brown et al. 2000; Hassold and Sherman 2000; Hassold et al. 2000; Petersen
and Mikkelsen 2000). However, the likelihood that the susceptible tetrad will be processed
abnormally—i.e., will give rise to nondisjunction rather than segregating normally—appears
to be age-dependent, with an increased likelihood of nondisjunction with increased maternal
age (Lamb et al. 1996; 1997; Brown et al. 2000; Hassold and Sherman 2000; Hassold et al.
2000; Wolstenholme and Angell 2000; Petersen and Mikkelsen 2000). This age-related effect
involves a disturbance of the meiotic process (e.g., failure of the spindle apparatus or degrada-
tion of a meiotic protein), inhibition of a DNA repair enzyme, or an environmental exposure
(Lamb et al. 1997; Brown et al. 2000; Hassold and Sherman 2000; Petersen and Mikkelsen
2000; Wolstenholme and Angell 2000; Pellestor et al. 2003), and is probably multifactorial
(Pellestor et al. 2003). Environmental factors that disrupt the meiotic process could increase the
likelihood of Down syndrome births in younger mothers, essentially increasing the likelihood
of incorrect segregation of susceptible tetrads to that generally seen in older women. According
to Petersen and Mikkelsen (2000), “the findings suggest that aging alone is sufficient to disrupt
the meiotic process, whereas in younger women there is a higher requirement for a genetic or
environmental factor for nondisjunction to occur.” For example, Yang et al. (1999) reported
that for a specific type of maternal meiotic error, for younger mothers, there was a significant
association with environmental exposures (in this case, maternal smoking, especially in com-
bination with the use of oral contraceptives) around the time of conception.
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TABLE 6-3 Developmental Toxicity Studies

Species, Sex, Exposure
Number Route Concentration/ Dose Exposure Duration
Rat, E, 33-35/group  Drinking 0, 10, 25, 100, 175, 250 From day of sperm
water mg/L (NaF) detection to gestation
Mean doses: day 20
0, 1.4, 3.9, 15.6, 24.7,
and 25.1 mg/kg/day (NaF)
Rat, F, 10/group Drinking 40 mg/kg/day (NaF) From day 6 to 19 of
water gestation
Rat, M, F, 40-50 Intraperitoneal 0, 30 and 48 mg/kg (NaF)  Single injection on
animals/group from  injection postnatal day 1, 8, 15,
4 or S litters at each or 29
age
Rat, M, E 26/group  Drinking Rat: 0, 50, 150, 300 mg/L  Rat: from gestational
Rabbit, M, F, water (NaF) day 6 to 15
26/group (mean doses 6.6, 18.3, and Rabbit: from
27.1 mg/kg/day) gestational day 6 to 19
Rabbit: 0, 100, 200, 400
mg/L (NaF) (mean doses
10.3, 18.1, and 29.2
mg/kg/day)
Rat, M, F, 3 Drinking 0, 25,100, 175,250 mg/L  FO: 10 weeks
generations (FO, F;,  water (NaF)
F,), Fy: 48 M, 48 Mean doses: (FO): 3.4,
F/group; F;: 36 M, 12.4, 18.8, 28.0 mg/kg/
36 Flgroup; F,: 238 day (NaF)
fetuses (F)): 3.4,13.2,19.3,25.8
mg/kg/day (NaF)
Frog (Xenopus) Incubated 100-1,000 ppm (NaF) 2,3,4,5,9,14.75
embryo, 20/group with NaF hours after fertilization
solution

ABBREVIATIONS: EC,,, median effective concentration; F, female; LC,), median lethal

concentration; M, male; NOAEL, no-observed-adverse-effect level.

500
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Effects Reference
Significant reductions in maternal water consumption in the two highest-dose Collins
groups and a significant reduction in maternal feed consumption in the high- et al.
dose group. Body weights of dams were reduced in the higher-dose groups. 1995

The only significant developmental effect was an increase in the average number
of fetuses with three or more skeletal variations in the 25.1-mg/kg/day group.

NaF caused significantly lowered body weight, feed consumption, absolute Guna
uterine weight, and number of implantations. Higher incidence of skeletal (14th  Sherlin
rib, dumbbell-shaped Sth sternebrae, incomplete ossification of skull, wavy ribs) and

and visceral abnormalities (subcutaneous hemorrhage) in fetuses. Vitamin D Verma
treatment improved reductions in body weight, feed consumption, and uterine 2001
weight.

Changes in renal function included decreased body weight after NaF treatment ~ Datson
at 30 or 48 mg/kg; increased kidney/body weight ratio in the 48-mg/kg group; et al.
decreased urinary pH; decreased chloride excretion in the 48 mg/kg group, 1985
and increased urinary volume 120 hours after treatment. Renal toxicity was

observed in postweaning day 29 rats. NaF exposure resulted in increased kidney/

body weight ratio and kidney weight, profound diuresis, decreased urinary

osmolality, and decreased ability to concentrate urine during water deprivation.
Decrease in urinary chloride excretion was observed for the first 2 days after

exposure; it was increased in water-deprived rats 120 hours after treatment.

Hematuria and glucosuria were observed for 2 days after treatment with 48

mg/kg. Renal sensitivity noted after weaning in day 29 rats. Histological lesions

noted in proximal tubules of treated day 29 rats.

In high-dose group, initial decreased body weight gain (recovered over time) and Heindel
decreased water consumption. No clinical signs of toxicity were observed. In et al.
both the rabbit and rat, maternal exposure to NaF during organogenesis did not 1996
substantially affect frequency of postimplantation loss, mean fetal body weight/

litter, and visceral or skeletal malformations. The NOAEL for maternal toxicity

was 18 mg/kg/day (NaF) in drinking water for rats and rabbits. The NOAEL for
developmental toxicity was greater than 27 mg/kg/day (NaF) for rats and greater

than 29 mg/kg/day for rabbits.

No dose-related feed consumption or mean body weight gain in either F; or F, Collins
females. Statistically significant decreases in fluid consumption for F, at 250 et al.
mg/L and F, at 175 and 250 mg/L. Corpora lutea, implants, fetal morphological 2001b
development, and viable fetuses were similar in all groups. No dose-related

anomalies in internal organs were observed in F, fetuses. Ossification of the

hyoid bone was significantly decreased among F, fetuses at 250 mg/L.

Reduction in head-tail lengths and dysfunction of the neuromuscular system of ~ Goh and
the tadpoles. EC; for malformation in growth after exposure to NaF 5 hours Neff
after fertilization is 184 ppm. Calculated LC50 is 632 ppm. Values for EC;;and 2003
LC;, met the limits established for a teratogen in frog embryos.
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Two early papers (Rapaport 1956, 1963) reported an association be-
tween elevated rates of Down’s syndrome and high water fluoride concen-
trations. Rapaport also was the first to suggest that maternal age might be
an important consideration, with the association between drinking water
fluoride concentrations and elevated rates of Down’s syndrome particularly
pronounced among young mothers. However, the impact of Rapaport’s
observations is limited by some significant methodological concerns, in-
cluding the use of crude rates as opposed to maternal age-specific rates,
limited case ascertainment, and the presentation of crude rates per 100,000
population as opposed to per live births. Several subsequent reports (Berry
1958; Needleman et al. 1974; Erickson et al. 1976; Erickson 1980) studied
the association of Down’s syndrome with fluoride or water fluoridation.
Berry (1958) found little difference in rates of Down’s syndrome between
communities with relatively high and low water fluoride concentrations;
however, the populations evaluated were small, and maternal age was
not considered in the analysis. Needleman et al. (1974) found a positive
association between water fluoride concentration and Down’s syndrome
incidence when crude incidence rates were compared; however, this ap-
parent association was largely lost when the comparison was limited to
before and after fluoridation for a subset of towns that introduced water
fluoridation, an attempt to partially control for maternal age. Erickson et
al. (1976) used data from two sources, the Metropolitan Atlanta Congenital
Malformations Surveillance Program and the National Cleft Lip and Pal-
ate Intelligence Service. The metropolitan Atlanta database is particularly
robust, with detailed retrospective ascertainment. Erickson et al. (1976)
found no overall association between the crude incidence rates of Down’s
syndrome and water fluoridation; however, their data suggested a possible
increased rate of Down’s syndrome among births to mothers below age 30.
Takahashi (1998) grouped Erickson’s metropolitan Atlanta data for mothers
under 30 and calculated a highly significant association (P < 0.005) between
fluoridated water and Down’s syndrome births to young mothers. A recent
review (Whiting et al. 2001) has evaluated the quality of the literature and
concluded that an association between water fluoride concentration and
Down’s syndrome incidence is inconclusive. While the committee agrees
with this overall characterization, the review by Whiting et al. was prob-
lematic. For example, it described all six studies as ecological and all but
one (Rapaport 1956) as having found the majority of cases. However, some
studies were partially ecologic, assigning exposure at the group level but
categorizing case status and limited covariates (age, race) at the individual
level. Erickson (1980) ascertained cases via birth certificates and explicitly
acknowledged problems with this approach.

Overall, the available studies of fluoride effects on human development
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are few and have some significant shortcomings in design and power, limit-
ing their impact.

FINDINGS

A large number of reproductive and developmental studies in animals
have been conducted and published since 1990, and the overall quality of
the database has improved significantly. High-quality studies in laboratory
animals over a range of fluoride concentrations (0-250 mg/L in drinking wa-
ter) indicate that adverse reproductive and developmental outcomes occur
only at very high concentrations. A few studies of human populations have
suggested that fluoride might be associated with alterations in reproductive
hormones, fertility, and Down’s syndrome, but their design limitations make
them of little value for risk evaluation.

RECOMMENDATIONS

¢ Studies in occupational settings are often useful in identifying target
organs that might be susceptible to disruption and in need of further evalu-
ation at the lower concentrations of exposure experienced by the general
population. Therefore, carefully controlled studies of occupational exposure
to fluoride and reproductive parameters are needed to further evaluate the
possible association between fluoride and alterations in reproductive hor-
mones reported by Ortiz-Perez et al. (2003).

e Freni (1994) found an association between high fluoride concentra-
tions (3 mg/L or more) in drinking water and decreased total fertility rate.
The overall study approach used by Freni has merit and could yield valuable
new information if more attention is given to controlling for reproductive
variables at the individual and group levels. Because that study had design
limitations, additional research is needed to substantiate whether an associa-
tion exists.

¢ A reanalysis of data on Down’s syndrome and fluoride by Takahashi
(1998) suggested a possible association in children born to young mothers.
A case-control study of the incidence of Down’s syndrome in young women
and fluoride exposure would be useful for addressing that issue. However, it
may be particularly difficult to study the incidence of Down’s syndrome to-
day given increased fetal genetic testing and concerns with confidentiality.
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Neurotoxicity and
Neurobehavioral Effects

This chapter evaluates the effects of fluoride on the nervous system
and behavior, with particular emphasis on studies conducted since the ear-
lier NRC (1993) review. The human data include epidemiologic studies of
populations exposed to different concentrations of fluoride and individual
case studies. In addition, laboratory studies of behavioral, biochemical,
and neuroanatomical changes induced by fluoride have been reviewed and
summarized. At the end of the chapter, conclusions and recommendations
for future research are presented.

HUMAN STUDIES

Cognitive Effects

Several studies from China have reported the effects of fluoride in drink-
ing water on cognitive capacities (X. Li et al. 1995; Zhao et al. 1996; Lu
et al. 2000; Xiang et al. 2003a,b). Among the studies, the one by Xiang et
al. (2003a) had the strongest design. This study compared the intelligence
of 512 children (ages 8-13) living in two villages with different fluoride
concentrations in the water. The IQ test was administered in a double-blind
manner. The high-fluoride area (Wamiao) had a mean water concentration
of 2.47 + 0.79 mg/L (range 0.57-4.50 milligrams per liter [mg/L]), and the
low-fluoride area (Xinhuai) had a mean water concentration of 0.36 + 0.15
mg/L (range 0.18-0.76 mg/L). The populations studied had comparable
iodine and creatinine concentrations, family incomes, family educational
levels, and other factors. The populations were not exposed to other sig-

208
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nificant sources of fluoride, such as smoke from coal fires, industrial pollu-
tion, or consumption of brick tea. Thus, the difference in fluoride exposure
was attributed to the amount in the drinking water. Mean urinary fluoride!
concentrations were found to be 3.47 = 1.95 mg/L in Wamiao and 1.11 =
0.39 mg/L in Xinhuai. Using the combined Raven’s Test for Rural China,
the average intelligence quotient (IQ) of the children in Wamiao was found
to be significantly lower (92.2 = 13.00; range, 54-126) than that in Xinhuai
(100.41 = 13.21; range, 60-128).

The 1Q scores in both males and females declined with increasing fluo-
ride exposure. The distribution of IQ scores from the females in the two
villages is shown in Figure 7-1. A comparable illustration of the IQ scores
of males is shown in Figure 7-2. The number of children in Wamiao with
scores in the higher IQ ranges was less than that in Xinhuai. There were
corresponding increases in the number of children in the lower IQ range.
Modal scores of the IQ distributions in the two villages were approximately
the same. A follow-up study to determine whether the lower IQ scores of
the children in Wamiao might be related to differences in lead exposure
disclosed no significant difference in blood lead concentrations in the two
groups of children (Xiang et al. 2003b).

A study conducted by Lu et al. (2000) in a different area of China also
compared the IQs of 118 children (ages 10-12) living in two areas with dif-
ferent fluoride concentrations in the water (3.15 = 0.61 mg/L in one area
and 0.37 = 0.04 mg/L in the other). The children were lifelong residents of
the villages and had similar social and educational levels. Urinary fluoride
concentrations were measured at 4.99 = 2.57 mg/L in the high-fluoride area
and 1.43 = 0.64 mg/L in the low-fluoride area. IQ measurements using the
Chinese Combined Raven’s Test, Copyright 2 (see Wang and Qian 1989),
showed significantly lower mean IQ scores among children in the high-fluo-
ride area (92.27 = 20.45) than in children in the low-fluoride area (103.05
+ 13.86). Of special importance, 21.6% of the children in the high-fluoride
village scored 70 or below on the IQ scale. For the children in the low-fluo-
ride village, only 3.4% had such low scores. Urinary fluoride concentrations
were inversely correlated with mental performance in the IQ test. Qin and
Cui (1990) observed similar negative correlation between IQ and fluoride
intake through drinking water.

Zhao et al. (1996) also compared the 1Qs of 160 children (ages 7-14)

In the following sections of the chapter, the word “fluoride” is used frequently to indicate
what is being measured in blood or urine of people or animals after some treatment with a
fluoride. According to medical dictionaries, the word fluoride refers to any binary compound
containing fluorine. In many studies, the amount of fluoride reported in urine, blood, or tissue
of subjects is the amount of fluorine in the specimen(s). The measurements are frequently re-
ferred to as the amount of fluoride present. Furthermore, it is virtually impossible to distinguish
between the species of fluoride measured.
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FIGURE 7-1 Distribution of IQ scores from females in Wamiao and Xinuai.
SOURCE: data from Xiang et al. 2003a.

living in a high-fluoride area (average concentration of 4.12 mg/L) with
those of children living in a low-fluoride area (average concentration 0.91
mg/L). Using the Rui Wen Test, the investigators found that the average IQ
of children in the high-fluoride area (97.69) was significantly lower than
that of children in the low-fluoride area (105.21). No sex differences were
found, but, not surprisingly, IQ scores were found to be related to parents’
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FIGURE 7-2 Distribution of IQ scores from males in Wiamiao and Xinuai.
SOURCE: data from Xiang et al. 2003a.
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education. The investigators also reported that enamel fluorosis was pres-
ent in 86% of the children in the high-exposure group and in 14% of the
children in the low-exposure group and that skeletal fluorosis was found
only in the high-exposure group at 9%.

Another Chinese study evaluated fluoride exposure due to inhalation
of soot and smoke from domestic coal fires used for cooking, heating, and
drying grain (Li et al. 1995). Many of the children exhibited moderate to
severe enamel fluorosis. The average IQ of 900 children (ages 8-13) from an
area with severe enamel fluorosis was 9-15 points lower than the average IQ
of children from an area with low or no enamel fluorosis. Urinary fluoride
concentrations were found to be inversely correlated with 1Q, as measured
by the China Rui Wen Scale for Rural Areas, and were monotonically related
to the degree of enamel fluorosis. Studies based on fluoride exposure from
the inhalation of smoke from coal fires are difficult to interpret because of
exposure to many other contaminants in smoke.

The significance of these Chinese studies is uncertain. Most of the papers
were brief reports and omitted important procedural details. For example,
some studies used a modification of the Raven Progressive Matrix test but
did not specify what the modifications were or describe how the test was
administered. Most of the studies did not indicate whether the IQ tests were
administered in a blinded manner. Some of the effects noted in the studies
could have been due to stress induced by the testing conditions. Without
detailed information about the testing conditions and the tests themselves,
the committee was unable to assess the strength of the studies. Despite this,
the consistency of the collective results warrants additional research on the
effects of fluoride on intelligence in populations that share similar languages,
backgrounds, socioeconomic levels, and other commonalities.

It should be noted that many factors outside of native intelligence
influence performance on IQ tests. One factor that might be of relevance
to fluoride is impairment of thyroid gland function (see Chapter 8). For
example, hypothyroidism produces tiredness, depression, difficulties in
concentration, memory impairments, and impaired hearing. In addition,
there is some evidence that impaired thyroid function in pregnant women
can lead to children with lower IQ scores (Klein et al. 2001).

Mental and Physiological Changes

There are numerous reports of mental and physiological changes after
exposure to fluoride from various routes (air, food, and water) and for vari-
ous time periods (Waldbott et al. 1978). A number of the reports are, in fact,
experimental studies of one or more individuals who underwent withdrawal
from their source of fluoride exposure and subsequent re-exposures under
“blind” conditions. In most cases, the symptoms disappeared with the elimi-
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nation of exposure to fluoride and returned when exposure was reinstated.
In some instances, when the fluoride was given in water, this procedure was
repeated several times under conditions in which neither the patient nor the
provider of the fluoride knew whether the water contained fluoride. Also
reported are instances when fluoride-produced symptoms occurred when
people moved into a community with fluoridated water but disappeared
when the individuals moved to a nonfluoridated community.

Spittle (1994) reviewed surveys and case reports of individuals exposed
occupationally or therapeutically to fluoride and concluded there was sug-
gestive evidence that fluoride could be associated with cerebral impairment.
A synopsis of 12 case reports of fluoride-exposed people of all ages showed
common sequelae of lethargy, weakness, and impaired ability to concentrate
regardless of the route of exposure. In half the cases, memory problems were
also reported. Spittle (1994) described several of the biochemical changes in
enzymatic systems that could account for some of the psychological changes
found in patients. He suggested that behavioral alterations found after ex-
cessive exposure could be due to the disruption of the N-H bonds in amines,
and subsequently in proteins, by the production of N-F bonds (Emsley et
al. 1981). This unnatural bond would distort the structure of a number of
proteins with the collective potential to cause important biological effects.
Fluorides also distort the structure of cytochrome-c peroxidase (Edwards et
al. 1984). Spittle also noted the likelihood of fluoride interfering with the
basic cellular energy sources used by the brain through the formation of
aluminum fluorides (Jope 1988) and subsequent effects on G proteins.

Effects of Silicofluorides

It has been suggested that the silicofluorides used to fluoridate drink-
ing water behave differently in water than other fluoride salts (see Chapter
2 for further discussion) and produce different biological effects. For ex-
ample, adding sodium silicofluoride (Na,SiF,) or fluorosilicic acid (H,SiF)
to drinking water has been reported to increase the accumulation of the
neurotoxicant lead in the body (Masters and Coplan 1999; Masters et al.
2000). This association was first attributed to increased uptake of lead
(from whatever source) caused by fluoride. However, enhanced lead con-
centrations were found only when the water treatments were made with a
fluorosilicate and in children already in a high-lead exposure group.

Urbansky and Schock (undated, 2000) took exception to almost all
aspects of the studies by Masters and Coplan on the fluorosilicates. They
argued that, under the conditions prevailing at the time of the addition of
silicofluorides to drinking water, silicofluorides would be completely hydro-
lyzed before they reached the consumer’s tap (Urbansky and Schock 2000).
Measurement techniques and statistical methods were also questioned. They
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concluded that there is no “credible evidence” that water fluoridation has
any quantifiable effect on the solubility, bioavailability, or bioaccumulation
of any form of lead.

Another issue that has been raised about differential effects of silico-
fluorides comes from the dissertation of Westendorf (1975). In that study,
silicofluorides were found to have greater power to inhibit the synthesis
of cholinesterases, including acetylcholinesterase, than sodium fluoride
(NaF). For example, under physiological conditions, one molar equivalent
of silicofluoride is more potent in inhibiting acetylcholinesterase than six
molar equivalents of NaF (Knappwost and Westendorf 1974). This could
produce a situation in which acetylcholine (ACh) accumulates in the vicinity
of ACh terminals and leads to excessive activation of cholinergic receptors
in the central and peripheral nervous system. At high concentrations, agents
with this capability are frequently used in insecticides and nerve gases. At
intermediate concentrations, choking sensations and blurred vision are of-
ten encountered. Modifications of the effectiveness of the acetylcholinergic
systems of the nervous system could account for the fact that, even though
native intelligence per se may not be altered by chronic ingestion of water
with fluoride ranging from 1.2 to 3 mg/L, reaction times and visuospatial
abilities can be impaired. These changes would act to reduce the tested
IQ scores. Such noncognitive impairments in children were reported in a
meeting abstract (Calderon et al. 2000), but a full publication has not been
issued. Extended reaction times have been associated with impaired function
of the prefrontal lobes, a behavioral change not directly tied to alterations
in IQ (Winterer and Goldman 2003). Because almost all IQ tests are “time-
restricted,” slow reaction times would impair measured performance.

An interesting set of calculations was made by Urbansky and Schock
(undated)—namely, compilation of the binding strengths of various ele-
ments with fluorine. They studied eight different complexes. Aluminum and
fluorine have the highest binding affinity. Fluorine also forms complexes
with other elements including sodium, iron, calcium, magnesium, copper,
and hydrogen. Associations with some of these other elements may have
implications for some of the neurotoxic effects noted after fluoride or SiF
exposure.

Dementia

For more than 30 years it has been known that Alzheimer’s disease
is associated with a substantial decline in cerebral metabolism (Sokoloff
1966). This original observation has been replicated many times since then.
The decrease is reflected in the brain’s metabolic rate for glucose, cerebral
rate for oxygen, and cerebral blood flow. In terms of reduced cerebral
blood flow, the reduction found in Alzheimer’s patients is about three times
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greater than in patients with multi-infarct dementia. As early as 1983, Fos-
ter et al. (1983) demonstrated a general decline in the rate of utilization of
glucose with the marker F-2-fluorodeoxyglucose with a positron-emission
tomography scan. Recently, over and above the general decline in aerobic
metabolism, several patterns of enhanced decreases in energy utilization
have been demonstrated. The temporal, parietal, and frontal regions are
areas with some of the greatest reductions (Weiner et al. 1993; Starkstein et
al. 1995). It is possible that the decline in glucose utilization is an early sign
of the onset of dementia (Johnson et al. 1988; Silverman and Small 2002).
In addition there is evidence from a number of sources that alterations in-
duced by Alzheimer’s disease can be observed in many body regions and in
blood. This indicates that the disease has system-wide effects in the body.
One system particularly sensitive to carbohydrate utilization is the collection
of areas involved with the synthesis of ACh. The release of this transmitter
is also negatively affected by the interruption of aerobic metabolism and
the effect can be noticed in the projection fields of the cholinergic systems.
Fluoride produces additional effects on the ACh systems of the brain by its
interference with acetylcholinesterase.

Most of the drugs used today to treat Alzheimer’s disease are agents that
enhance the effects of the remaining ACh system. Nevertheless, it must be
remembered that one certain characteristic of Alzheimer’s disease is a gen-
eral reduction of aerobic metabolism in the brain. This results in a reduction
in energy available for neuronal and muscular activity.

Because of the great affinity between fluorine and aluminum, it is pos-
sible that the greatest impairments of structure and function come about
through the actions of charged and uncharged AIF complexes (AIF ). In the
late 1970s and through the early 1990s there was considerable interest in the
possibility that elemental aluminum was a major contributing factor to the
development of dementia of the Alzheimer’s variety as well as to other neu-
rological disorders. In a study of more than 3,500 French men and women
above the age of 65 (Jacqmin et al. 1994), a significant decrease in cognitive
abilities was found when their drinking water contained calcium, aluminum,
and fluorine. Only aluminum showed any relation to cognitive impairment
and that depended on the pH of the drinking water being below 7.3. Curi-
ously, at higher pH values, a favorable effect on cognitive actions was found.
In recent work with animals, aluminum-induced behavioral changes similar
to those found in human dementia, as well as correlated histological changes
in animals’ brains, were found (Miu et al. 2003). Active research contin-
ues at the cellular level on the neural mechanisms disturbed by aluminum
(Becaria et al. 2003; Millan-Plano et al. 2003). On the epidemiological side
there are inconsistencies in the results of different studies. For example,
a recent review concludes that “the toxic effects of aluminum cannot be
ruled out either, and thus exposure to aluminum should be monitored and
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limited as far as possible” (Suay and Ballester 2002). In addition to a deple-
tion of acetylcholinesterase, fluoride produces alterations in phospholipid
metabolism and/or reductions in the biological energy available for normal
brain functions (see section later in this chapter on neurochemical effects).
In addition, the possibility exists that chronic exposure to AlF_ can pro-
duce aluminum inclusions with blood vessels as well as in their intima and
adventitia. The aluminum deposits inside the vessels and those attached to
the intima could cause turbulence in the blood flow and reduced transfer of
glucose and O, to the intercellular fluids. Finally histopathological changes
similar to those traditionally associated with Alzheimer’s disease in people
have been seen in rats chronically exposed to AIF (Varner et al. 1998).

ANIMAL STUDIES

Behavioral Changes
Studies of NaF

One of the most frequently cited and much discussed studies reporting
a link between fluoride and behavior is by Mullenix et al. (1995). The study
involved administering NaF to rats at different ages. Two groups of rats
were exposed to NaF during gestation by subcutaneous injections given to
pregnant dams. Other groups of rats received NaF in water beginning at
weaning. Another set of rats was exposed to NaF in water in adulthood.
Because of differences in the treatment regimes, procedures involved with
the transport of animals at different ages, and other alterations in methods
between the age groups, the data from the study are meaningful only if they
are considered separately.

In “experiment 1,” pregnant dams were subcutaneously injected with
NaF at 0.13 mg/kg either on gestational days 14-18 (one or two injections
per day, for a total of nine injections) or on days 17-19 (three injections per
day). In “experiment 2,” NaF at 75, 100, 125, or 175 mg/L was admin-
istered in the drinking water to rats at 21 days of age for 6-20 weeks. In
“experiment 3,” 12-week-old rats were given NaF at 100 mg/L in drinking
water for 5-6 weeks. Behavioral tests were performed on prenatally treated
and weanling rats at 9 weeks of age, and adult-treated rats were tested at
the end of their exposure period. Concentrations of fluoride in plasma in
seven brain regions were measured at the time of sacrifice.

To appreciate the data generated by the testing procedures, some de-
tails of the testing methods and data analysis used in the Mullenix et al.
study must be considered. The methods used were ones developed earlier
to quantify animal behavior by using computer-based methods (Kernan et
al. 1987, 1988: Kernan and Mullenix 1991). The basic procedures involved
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the following: The animals were tested in pairs consisting of a treated and a
control rat. They were placed in a Plexiglas chamber divided in the middle
by a Plexiglas wall to make two adjacent testing chambers. This wall had
several holes in it. Thus, each rat could see, hear, and smell its pair-mate.
The actual floor space available to each animal was approximately 10 in
by 10 in. The chamber was an unusual trapezoidal design with the walls
slanting outward from the floor. This shape was created to enhance the clar-
ity of images of the rats recorded by two video cameras. One camera was
placed above the testing chambers and another was off to one side. Both
were aligned so as to encompass the testing areas of both animals. Sprague-
Dawley albino rats were used in the experiments and, to further enhance
the pictures, the side away from the horizontally placed camera was black.
The floor was also black.

The two video cameras recorded the behavior of both animals simulta-
neously. The cameras were programmed to take still photos of the animals
every second for the 15-minute testing period. Thus, the cameras sent 900
pictures of each animal during a single test period. The computer was pro-
grammed to detect five bodily positions, eight “modifiers” (apparently this
term means an action with a presumptive goal), and several combinations
of postures and modifiers. In all, the computer could record more than 100
combinations of positions, modifiers, and combinations of one or more
of the measures indicating the “presumed intentions” of the animals (e.g.,
groom/attention). For each of these postures or actions or combinations,
the number of times it was initiated, the total time spent doing it, and the
distribution of the act throughout the 15-minute period were calculated
separately for each rat.

In experiment 1, none of the rats treated on gestational days 14-18
showed any behavioral differences from controls. However, among rats
treated on gestation days 17-19, male rats were reported to be more active
than controls. The increase in activity was attributed to increased instances
of grooming and head turning and not enhanced locomotor movement.
Plasma concentrations of fluoride were comparable to those of the controls.
Fluoride concentrations in the brain were not measured in this group.

In experiment 2, high mortality was observed in the highest treatment
group (175 mg/L), and testing was discontinued at that concentration. Fe-
male rats exposed to NaF at 125 mg/L had fewer instances of sitting, spent
less time sitting, had fewer head turns, and had fewer clusters of grooming
bouts than controls. They also showed a reduction in the groom/attention
composite index. Females exposed to fluoride in drinking water at 100 mg/
L for 6 weeks showed behavioral changes related to grooming, including
reduced grooming bouts, reductions in persistent grooming periods, and the
grooming/attention cluster. However, these effects were not seen among the
females treated for longer periods (20 weeks). Among male rats, changes
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in behavior were observed only in the 125 mg/L group evaluated after 16
weeks of treatment. Changes included less sitting, less head turning, more
standing, and reductions in grooming behavior. Standing and seeming atten-
tion postures were increased in these weanling-exposed rats. Measurements
of fluoride in plasma showed an increase in concentration after 6 weeks of
exposure to NaF at 100 mg/L in male and female rats. All seven areas of
the brain analyzed showed increased concentrations of fluoride. As noted
in Chapter 3, the accuracy of these measurements has been questioned
(Whitford 1996), because other studies have shown that brain fluoride
concentrations are considerably lower than, but proportionate to, those in
plasma (Carlson et al. 1960; Whitford et al. 1979).

The computer program used in the behavior analyses also generated
a statistic named “RS” that combines all the detected alterations in every
recognized mode or modified mode of behavior. This overall index of change
was reported as significant in females 6 weeks after the start of NaF treat-
ment at concentrations of 100 and 125 mg/L. The statistic was not changed
in males treated with NaF at a concentration of 125 mg/L for 11 weeks.

In experiment 3, only female rats showed behavioral changes compared
with controls. Changes included reductions in sitting and grooming. Plasma
fluoride concentrations were increased in males and females. Testing of
fluoride concentrations in the brain found increased concentrations in the
medulla of both sexes and in the hippocampal region of females. As noted
above, the accuracy of these measurements has been questioned.

The results from these three experiments are difficult to interpret. One
difficulty is interpreting the computer-derived categorization of activity pat-
terns compared with behavioral descriptions commonly used by most ani-
mal researchers. For example, increased activity usually refers to increased
locomotor activity measured in relatively large open fields or mazes. In the
Mullenix et al. study, increased activity is characterized by head turning,
grooming behaviors, and sniffing and exploration of the corners of the box,
which traditionally are not characterized as part of locomotor activity. The
small chambers in which the animals were tested would have prevented
much locomotor movement at all.

Another aspect of the study that is a modifying issue is the stress-related
experience of the rats before the experiments began. The transportation and
associated handling of animals over long distances are known stressors to
rats and mice. For experiment 1, the pregnant rats were shipped on day 6
of gestation and were housed singly thereafter. The rats used in experiment
2 were shipped to the laboratory at 17 days of age, along with their dams.
The adult rats of experiment 3 were shipped at 10 weeks of age. Because
the animals were from the Charles River Laboratories in Kingston, New
York, the means of transportation to the laboratory in Boston was likely
by truck. The transportation of animals by land or air has been shown to
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produce lasting effects on rodents (Isaacson et al. 2003). The histological
effects of transportation and relocation include neuronal losses and substan-
tial instances of shrunken or bloated cells, including some with condensed
cytoplasmic inclusions. Other signs of stress and neural insult can be seen,
including the presence of reactive microglia throughout the brain. These
changes might well interact with later fluoride treatments. In essence, this
means comparisons between groups can be legitimately made within the
several experiments but not between them. Mullenix et al. (1995) inter-
preted their behavioral results to imply the interruption of hippocampal
dysfunction. Another plausible interpretation is that the behavioral change
might have involved alterations in the adrenal-pituitary axis (Gispen and
Isaacson 1986).

The results of the Mullenix studies are difficult to compare with studies
from other laboratories. The apparatus used has a unique configuration, the
chambers were small, and the paired animals were in visual, olfactory, and
auditory contact with each other. The data generated are largely derived in
idiosyncratic ways by the hardware and software of a relatively complex
computer program. From a practical standpoint, it would be extremely
difficult for other investigators to replicate the study. The committee is
aware there has been debate about the interpretation and significance of
the findings of this study. For example, Ross and Daston (1995) note that
decreased grooming can be an indication of illness. Because of the high con-
centrations of fluoride used in the study, it is possible that the animals had
gastrointestinal or renal disturbances (Whitford and Taves 1973; Pashley
et al. 1984; also see Chapter 9). As discussed above, the committee agrees
there are difficulties with interpreting the results of the study, but those dif-
ficulties do not warrant dismissal of the results. The study provided some
evidence that exposure to fluoride (prenatal, weaning, or in adulthood)
might have affected the behavior of rats, albeit almost always in a gender-
specific fashion.

In a different type of study, Swiss albino mice were treated with NaF
at 30, 60, and 120-mg/L in water for 30 days and behavioral tests were
performed daily 1 hour after treatment. The testing included akinesia,
catalepsy, swim endurance, and simple maze tests. Animals in the 120 mg/L
group scored more poorly in all the tests. Histological changes observed in
the brains of these animals are discussed later in this chapter (Bhatnagar
et al. 2002).

Paul et al. (1998) investigated the effects of NaF on the motor activity
and coordination of female Wistar rats. The rats were treated with NaF at
20 or 40 mg/kg/day by gastric intubation for 2 months and were tested in an
activity chamber and on a rota-rod apparatus. Only female rats were used
because of the high mortality rates among males in preliminary studies. In
both treatment groups, food intake and body weight gain were reduced in
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a dose-dependent manner. A reduction in spontaneous motor activity was
based on results from an apparatus that recorded every type of movement,
bodily adjustment, or twitch. This should not be confused with increased
activity as measured by locomotor movements in a large arena. In the rota-
rod motor coordination test, no significant changes were observed between
the treated and control rats. There was a dose-related decrease in cholin-
esterase in the blood but not in the brain. Similar effects on motor activity
have been observed in other studies in which rats were treated with NaF at
500 mg/L in drinking water. Alterations of acetylcholinesterase concentra-
tions were found in the brain at this concentration (Ekambaram and Paul
2001, 2002).

Studies of AlF,

Varner et al. (1994) studied the effects of chronic administration of
aluminum fluoride (AlF;), on the behavior of Long-Evans rats. AlF; was
administered in drinking water at concentrations of 0.5, 5.0, or 50 mg/L. In
terms of fluorine, these values translate into the equivalent of 0.34, 3.4, and
34 mg/L. The animals were between 130 and 154 days old at the beginning
of the experiment and were maintained on this program for 45 weeks. In
the animals treated with AIF; at § and 50 mg/L, no differences in behavior
were found in activity in an open field, in patterns of stride when walking, in
spontaneous alternation of arms in a T-maze, in a motor coordination test,
or in two tests of learning and memory in the Morris water maze. (Rats in
the 0.5-mg/L group were too few to provide meaningful results.) The only
behavioral change noted was a lack of preference of the location of a banana
odor over the location of a lemon odor. Control animals generally prefer
the banana odor. This overall lack of behavioral effects occurred in spite
of extensive histological changes associated with neuronal damage and cell
death in the hippocampus and other parts of the forebrain.

Anatomy

The complete analyses of the changes found in the brains of rats given
one of the three doses of AIF; used by Varner et al. (1994) were reported in
a separate paper (Varner et al. 1993). All groups of the AIF;-exposed rats
had significant losses of cells in the CA1 and CA3 areas of the hippocampus,
but the losses were not dose dependent. Two types of cellular anomalies
were found in the treated animals: (1) argentophilic cells throughout the
hippocampus and dentate gyrus with considerable sparing of cells in the
CA2 region; and (2) increased aluminum fluorescence in most of the brain,
especially in the inner and outer linings of a large number of blood vessels,
both large and small. Intravascular inclusions of aluminum particles were
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sometimes noted within blood vessels. Cells containing aluminum inclu-
sions were not uncommon. This enhancement of aluminum deposits is not
surprising because the amount of aluminum found in the brain was almost
double that found in control animals.

Varner et al (1998) undertook a second study to determine the relative
contribution of fluoride to the high mortality found in the 0.5-mg/L group
of the earlier study, to extend the histological procedures used to evaluate
the brains, and to determine whether the high death rates after this low dose
would be found on replication. Three groups of nine adult rats were admin-
istered AlF; at 0.5 mg/L, NaF at 2.1 mg/L (containing the same amount of
fluoride as the AlF; group), or double-distilled deionized water for 1 year.
During that time six of nine animals drinking the AIF; water died, three of
the nine animals drinking the NaF died, and one animal from the control
group died. Aluminum content in brain, kidney, and liver was measured by
a direct current plasma technique modified for use with tissues containing
substantial fat. Brains from both the NaF and the AlF; groups had more
than twice as much aluminum as the brains of the control animals. This sup-
ports the work of Strunecka et al. (2002) indicating that fluoride enhances
the uptake of aluminum. But, the uptake was organ specific. There was no
increase of aluminum found in the kidneys or liver. Sections from the brains
of all animals were processed in a manner that allowed their staining with
hematoxylin and eosin, the Morin stain for aluminum (and counterstained
with cresyl violet), and a modified Bielschowsky silver stain as well as with
antisera specific for IgM, B-amyloid, or amyloid A.

There was a progressive decline in the appearance of the AIF; treated
rats compared with the NaF or control animals before their demise. Their
hair was sparse and their skin had a copper color. Toenails and teeth indi-
cated a condition reflecting a hypermelanosis. Body weights, however, did
not vary among the groups. Hemispheric differences in the brain were found
in the distribution of aluminum using the Morin staining ultraviolet micro-
scopic procedure. A greater amount of aluminum fluorescence was seen in
layers 5 and 6 of the parietal neocortex and hippocampus of the left relative
to the right hemisphere in the AlF;-treated rats. Areas CA3 and CA4 were
the most affected regions of the hippocampus.

The occurrence of abnormal cells was also determined for all brains.
Signs of neuronal anomalies included chromatin clumping, enhanced pro-
tein staining, pyknosis, vacuolation, ghost-like swollen appearances of cells,
and enhanced silver staining in cell bodies and their processes. Both NaF
and AlF; treatments produced cellular distortions in cortical layers 2 and
3 of both hemispheres, but enhanced cellular abnormalities in layers 5 and
6 were found only in the left hemisphere. Both treatments also produced
a diminished number of cells in the left CA3 region of the hippocampus
but only the AIF, treatment reduced cell numbers in this region of the left
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hemisphere. These observations are similar to previous findings reported in
the brains of cats after intracerebroventricular administration of aluminum
chloride (Crapper and Dalton 1973).

Both the AIF, and the NaF treatments increased staining of neurons for
IgM in the right hemisphere. No differences were found among the groups
in the presence of IgM on the left side of the brain. Minor amounts of IgM
were found in the hippocampus and dentate gyrus but without any group
differences. The control group had few instances of B-amyloid but the brains
of the AlF,-treated animals demonstrated a bimodal distribution of deposits
in the vasculature of the dorsal thalamus. Staining was either very high or
nonexistent. The NaF-treated group showed a similar bimodality of accu-
mulation of B-amyloid in the right lateral posterior thalamic region.

The pattern of neuronal degeneration found by Varner et al. (1998) was
also found in two other studies (Bhatnager et al. 2002; Shivarajashankara
et al. 2002). In the study by Bhatnagar et al. (2002) described earlier in
this chapter, the investigators observed a significant number of degenerated
nerve cell bodies in hippocampal subregions CA3 and CA4 and in the den-
tate gyrus. Shivarajashankara et al. (2002) exposed Wistar rats to NaF in
utero during the last week of gestation and for 10 weeks after birth. Animals
received either 30 or 100 mg/L in their drinking water. At the end of the
10 weeks the animals were sacrificed and their brains were sectioned and
stained with cresyl violet. Little change was seen in the 30-mg/L treated ani-
mals but the brains of the 100-mg/L treated animals showed large amounts
of neurodegeneration. There were only a few normal appearing pyramidal
cells in regions CA1 and CA3 of the hippocampus. Almost all the cells in
these areas were pyknotic and showed intensely stained protein in their
shrunken cytoplasm. Neuronal degeneration, but to a lesser degree, was
found in the upper layers of neocortex, the amygdala, and the cerebellum.
These areas were not extensively studied by Varner et al. (1998).

The interactions between fluoride and aluminum have been studied
in laboratories and in the environment. There is evidence that fluoride en-
hances the uptake of aluminum and that aluminum reduces the uptake of
fluoride (Spencer et al. 1980, Ahn et al. 1995). This complicates predicting
the effect of exposure to aluminum- or fluorine-containing complexes in
natural situations.

NEUROCHEMICAL EFFECTS AND MECHANISMS

A number of studies have examined biochemical changes in the brain
associated with fluoride. For example, Guan et al. (1998) reported altera-
tions in the phospholipid content of the brain of rats exposed to NaF at 30
or 100 mg/L for 3-7 months. The most prominent changes were found in
phosphatidylethanolamine, phosphatidylcholine, and phosphatidylserine.
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After 7 months of treatment, ubiquinone was clearly elevated, likely due as
a compensatory reaction to the increase in free radicals in the brain. Fluoride
has been shown to decrease the activities of superoxide dismutase (Guan
et al. 1989) and glutathione peroxidase (Rice-Evans and Hoschstein 1981),
the consequences being increased free radicals.

NaF injected subcutaneously into rabbits altered brain lipid metabolism
(Shashi 1992b) and concentrations of protein, free amino acid, and RNA in
the brain (Shashi et al. 1994).

Using slices of rat neocortex, Jope (1988) found that NaF stimulated
the hydrolysis of phosphoinositide by activation of a G protein, Gp. This
protein acts as a transducer between receptors and phospholipase C. He also
found that a metal chelator added to the preparation eliminated this effect.
This information and other observations led to the conclusion that the ef-
fective agent in the hydrolysis was an AIF complex. Under his experimental
conditions, the AlF, was most likely formed from trace amounts of alumi-
num derived from the glass or from a fluorine-containing contaminant in a
reagent. The addition of increasing amounts of aluminum did not increase
the hydrolysis effect. In fact, adding substantial amounts of aluminum in-
hibited it. As in several types of experiment, it is the low aluminum fluoride
concentrations that produce the greatest biochemical or physiological ef-
fects. In this regard, it is important to note that, even if aluminum bioavail-
ability is low in rats and in other laboratory species, only a small amount
is needed to produce untoward effects (Yokel et al. 2001).

Many of the untoward effects of fluoride are due to the formation of
AIF_ complexes. AIF_and BeF,_ complexes are small inorganic molecules
that mimic the chemical structure of a phosphate. As such they influence
the activity of phosphohydrolases and phospholipase D. Only micromolar
concentrations of aluminum are needed to form AlF_ (Sternweis and Gilman
1982). The G protein effects produced by AIF  are not limited to enzymes
that bind phosphates or nucleoside-polyphosphate (Chabre 1990). AIF_
also impairs the polymerization-depolarization cycle of tubulin. This could
account for some of the intensely stained neurofilaments in cells in the
brains of animals exposed to chronic NaF (Varner et al. 1993, 1998). AIF_
appears to bind to enzyme-bound GDP or ADP, thus imitating GTP or ATP
and, in a sense, generating “false messages” within the brain. This binding
ability is probably due to the molecular similarities between AlF;(OH) and
a phosphate group in the molecular structure, in particular, a tetrahedral
arrangement (Strunecka and Patocka 2002).

G protein-coupled receptors mediate the release of many neural trans-
mitters including the catecholamines, serotonin, ACh, and the excitatory
amino acids. They also are involved in regulating glucagons, vasopressin,
neuropeptides, endogenous opioids, prostaglandins, and other important
systemic influences on brain and behavior. AIF_is also involved in regulating
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the pineal melatonin system as well as the thyroid-stimulating hormone-
growth hormone connection. It has been said in this regard “every molecule
of AIF_ is the messenger of false information” (Strunecka and Patocka 2002,
p. 275). This may be an accurate synopsis of the AIF effect at a single
synapse, but the brain is a highly redundant and dispersed communication
system containing millions of synapses. Because of this, observable altera-
tions in mental or motor actions might require the formation of a multitude
of false messages in a number of brain circuits acting over a prolonged
period of time. Thus, the number of false messages required to disrupt an
“action pattern” in the brain probably will vary according to the nature of
the ongoing activities.

An especially important neurochemical transmitter that reaches almost
all areas of the brain is ACh. As discussed above, some studies show that
NaF and SiF inhibit cholinesterases, including acetylcholinesterase. The
progressive accumulation of ACh at synaptic locations produced by the
diminished esterase activity leads to a number of complex effects that can
be summarized as an initial increase in stimulation of the target cells but
ultimately leads to diminished stimulation—even a blockade of all activity.
This earlier dialogue properly emphasized the behavioral importance of
cholinergic activity in the brain and body more generally.

Long et al. (2002) reported changes in the number of acetylcholine re-
ceptors (nAChRs) in the rat brain due to fluoride. Rats were administered
NaF in drinking water at 30 or 100-mg/L for 7 months. Decreased numbers
of nAChRa7 subunits were found in the brains of rats from both treat-
ment groups, but only the brains of the 100-mg/L group had diminished
nAChRo4 subunits of this receptor. These results are of interest because
changes in the nicotinic receptors have been related to the development of
Alzheimer’s disease (Lindstrom 1997; Newhouse et al. 1997) and, in frontal
brain areas, to schizophrenia (Guan et al. 1999).

FINDINGS

Human Cognitive Abilities

In assessing the potential health effects of fluoride at 2-4 mg/L, the
committee found three studies of human populations exposed at those con-
centrations in drinking water that were useful for informing its assessment
of potential neurologic effects. These studies were conducted in different
areas of China, where fluoride concentrations ranged from 2.5 to 4 mg/L.
Comparisons were made between the 1Qs of children from those popula-
tions with children exposed to lower concentration of fluoride ranging
from 0.4 to 1 mg/L. The studies reported that while modal IQ scores were
unchanged, the average IQ scores were lower in the more highly exposed
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children. This was due to fewer children in the high IQ range. While the
studies lacked sufficient detail for the committee to fully assess their qual-
ity and their relevance to U.S. populations, the consistency of the collective
results warrant additional research on the effects of fluoride on intelligence.
Investigation of other mental and physiological alterations reported in the
case study literature, including mental confusion and lethargy, should also
be investigated.

Behavioral Effects on Animals

A few animal studies have reported alternations in the behavior of ro-
dents after treatment with fluoride. However, the observed changes were not
striking in magnitude and could have been due to alterations in hormonal or
peptide activity. Animal studies to date have used conventional methodolo-
gies to measure learning and memory abilities or species-typical behaviors
in novel locations. The tasks used to measure learning and memory did not
require any significant mental effort. No studies were available on higher
order mental functions, altered reactions to stress, responses to disease
states, or supplemental reactions to known neurotoxins. Procedures are
available that could test for cognitive functions, but they are labor intensive
and have seldom been used in the past 60 years. One example is the reason-
ing test designed by Maier (1929), who found that even a small lesion of
the neocortex impaired performance on the reasoning test (Maier 1932). A
more recent example is the delayed matching to position test with different
outcomes (Savage 2001), which have shown that damage to the hippocam-
pus can affect learning.

Fluorosilicates

As noted in Chapter 2, exposure to fluorosilicates could occur under
some conditions. There are reports that such chemicals enhance the uptake
of lead into the body and brain, whereas NaF does not. Further research
is needed to elucidate how fluorosilicates might have different biological
effects from fluoride salts.

Neurochemical and Biochemical Changes

Lipids and phospholipids, phosphohydrolases and phospholipase D,
and protein content have been shown to be reduced in the brains of labora-
tory animals subsequent to fluoride exposure. The greatest changes were
found in phosphatidylethanolamine, phosphotidylcholine, and phosphoti-
dylserine. Fluorides also inhibit the activity of cholinesterases, including
acetylcholinesterase. Recently, the number of receptors for acetylcholine
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has been found to be reduced in regions of the brain thought to be most
important for mental stability and for adequate retrieval of memories.

It appears that many of fluoride’s effects, and those of the aluminofluo-
ride complexes are mediated by activation of Gp, a protein of the G family.
G proteins mediate the release of many of the best known transmitters of
the central nervous system. Not only do fluorides affect transmitter concen-
trations and functions but also are involved in the regulation of glucagons,
prostaglandins, and a number of central nervous system peptides, including
vasopressin, endogenous opioids, and other hypothalamic peptides. The
AlF_ binds to GDP and ADP altering their ability to form the triphosphate
molecule essential for providing energies to cells in the brain. Thus, AIF_
not only provides false messages throughout the nervous system but, at the
same time, diminishes the energy essential to brain function.

Fluorides also increase the production of free radicals in the brain
through several different biological pathways. These changes have a bearing
on the possibility that fluorides act to increase the risk of developing Al-
zheimer’s disease. Today, the disruption of aerobic metabolism in the brain,
a reduction of effectiveness of acetylcholine as a transmitter, and an increase
in free radicals are thought to be causative factors for this disease. More
research is needed to clarify fluoride’s biochemical effects on the brain.

Anatomical Changes in the Brain

Studies of rats exposed to NaF or AlF, have reported distortion in cells
in the outer and inner layers of the neocortex. Neuronal deformations were
also found in the hippocampus and to a smaller extent in the amygdala and
the cerebellum. Aluminum was detected in neurons and glia, as well as in
the lining and in the lumen of blood vessels in the brain and kidney. The
substantial enhancement of reactive microglia, the presence of stained in-
tracellular neurofilaments, and the presence of IgM observed in rodents are
related to signs of dementia in humans. The magnitude of the changes was
large and consistent among the studies. Given this, the committee concludes
further research is warranted in this area, similar to that discussed at a Feb-
ruary 2-3,1999, EPA workshop on aluminum complexes and neurotoxicity
and that recommended for study by NTP (2002).

RECOMMENDATIONS

On the basis of information largely derived from histological, chemi-
cal, and molecular studies, it is apparent that fluorides have the ability to
interfere with the functions of the brain and the body by direct and indirect
means. To determine the possible adverse effects of fluoride, additional data
from both the experimental and the clinical sciences are needed.
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e The possibility has been raised by the studies conducted in China
that fluoride can lower intellectual abilities. Thus, studies of populations
exposed to different concentrations of fluoride in drinking water should
include measurements of reasoning ability, problem solving, IQ, and short-
and long-term memory. Care should be taken to ensure that proper testing
methods are used, that all sources of exposure to fluoride are assessed,
and that comparison populations have similar cultures and socioeconomic
status.

e Studies of populations exposed to different concentrations of fluoride
should be undertaken to evaluate neurochemical changes that may be asso-
ciated with dementia. Consideration should be given to assessing effects
from chronic exposure, effects that might be delayed or occur late-in-life,
and individual susceptibility (see Chapters 2 and 3 for discussion of sub-
populations that might be more susceptible to the effects of fluoride from
exposure and physiologic standpoints, respectively).

e Additional animal studies designed to evaluate reasoning are needed.
These studies must be carefully designed to measure cognitive skills beyond
rote learning or the acquisition of simple associations, and test environmen-
tally relevant doses of fluoride.

e At the present time, questions about the effects of the many histo-
logical, biochemical, and molecular changes caused by fluorides cannot be
related to specific alterations in behavior or to known diseases. Additional
studies of the relationship of the changes in the brain as they affect the
hormonal and neuropeptide status of the body are needed. Such relation-
ships should be studied in greater detail and under different environmental
conditions.

e Most of the studies dealing with neural and behavioral responses
have tested NaF. It is important to determine whether other forms of fluoride
(e.g., silicofluorides) produce the same effects in animal models.
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Effects on the Endocrine System

The endocrine system, apart from reproductive aspects, was not consid-
ered in detail in recent major reviews of the health effects of fluoride (PHS
1991; NRC 1993; Locker 1999; McDonagh et al. 2000a; WHO 2002;
ATSDR 2003). Both the Public Health Service (PHS 1991) and the World
Health Organization (WHO 2002) mentioned secondary hyperparathyroid-
ism in connection with discussions of skeletal fluorosis, but neither report
examined endocrine effects any further. The Agency for Toxic Substances
and Disease Registry (ATSDR 2003) discussed four papers on thyroid effects
and two papers on parathyroid effects and concluded that “there are some
data to suggest that fluoride does adversely affect some endocrine glands.”
McDonagh et al. (2000a) reviewed a number of human studies of fluoride
effects, including three that dealt with goiter and one that dealt with age at
menarche. The following section reviews material on the effects of fluoride
on the endocrine system—in particular, the thyroid (both follicular cells and
parafollicular cells), parathyroid, and pineal glands. Each of these sections
has its own discussion section. Detailed information about study designs,
exposure conditions, and results is provided in Appendix E.

THYROID FOLLICULAR CELLS

The follicular cells of the thyroid gland produce the classic thyroid hor-
mones thyroxine (T4) and triiodothyronine (T3); these hormones modulate
a variety of physiological processes, including but not limited to normal
growth and development (Larsen et al. 2002; Larsen and Davies 2002;
Goodman 2003). Between 4% and 5% of the U.S. population may be af-
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fected by deranged thyroid function (Goodman 2003), making it among the
most prevalent of endocrine diseases (Larsen et al. 2002). The prevalence
of subclinical thyroid dysfunction in various populations is 1.3-17.5% for
subclinical hypothyroidism and 0.6-16% for subclinical hyperthyroidism;
the reported rates depend on age, sex, iodine intake, sensitivity of measure-
ments, and definition used (Biondi et al. 2002). Normal thyroid function
requires sufficient intake of iodine (at least 100 micrograms/day [pg/d]),
and areas of endemic iodine deficiency are associated with disorders such
as endemic goiter and cretinism (Larsen et al. 2002; Larsen and Davies
2002; Goodman 2003). Iodine intake in the United States (where iodine is
added to table salt) is decreasing (CDC 2002d; Larsen et al. 2002), and an
estimated 12% of the population has low concentrations of urinary iodine
(Larsen et al. 2002).

The principal regulator of thyroid function is the pituitary hormone thy-
roid-stimulating hormone (TSH), which in turn is controlled by positive in-
put from the hypothalamic hormone thyrotropin-releasing hormone (TRH)
and by negative input from T4 and T3. TSH binds to G-protein-coupled
receptors in the surface membranes of thyroid follicular cells (Goodman
2003), which leads to increases in both the cyclic adenosine monophos-
phate (cAMP) and diacylglycerol/inositol trisphosphate second messenger
pathways (Goodman 2003). T3, rather than T4, probably is responsible for
the feedback response for TSH production (Schneider et al. 2001). Some
T3, the active form of thyroid hormone, is secreted directly by the thyroid
along with T4, but most T3 is produced from T4 by one of two deiodinases
(Types I and I1') in the peripheral tissue (Schneider et al. 2001; Larsen et al.
2002; Goodman 2003). T3 enters the nucleus of the target cells and binds
to specific receptors, which activate specific genes.

Background

An effect of fluoride exposure on the thyroid was first reported approxi-
mately 150 years ago (Maumené 1854, 1866; as cited in various reports).
In 1923, the director of the Idaho Public Health Service, in a letter to the
Surgeon General, reported enlarged thyroids in many children between the
ages of 12 and 15 using city water in the village of Oakley, Idaho (Almond
1923); in addition, the children using city water had severe enamel deficien-
cies in their permanent teeth. The dental problems were eventually attrib-
uted to the presence in the city water of 6 mg/L fluoride, and children born
after a change in water supply (to water with <0.5 mg/L fluoride) were not

IType I deiodinase, along with Type III, is also responsible for deactivating T4 and T3 by
removing the iodine atoms (Schneider et al. 2001; Larsen et al. 2002; Goodman 2003).
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so affected (McKay 1933); however, there seems to have been no further
report on thyroid conditions in the village.

More recently, Demole (1970) argued that a specific toxicity of fluo-
ride for the thyroid gland does not exist, because (1) fluoride does not ac-
cumulate in the thyroid; (2) fluoride does not affect the uptake of iodine
by thyroid tissue; (3) pathologic changes in the thyroid show no increased
frequency in regions where water is fluoridated (naturally or artificially);
(4) administration of fluoride does not interfere with the prophylactic ac-
tion of iodine on endemic goiter; and (5) the beneficial effect of iodine in
threshold dosage to experimental animals is not inhibited by administration
of fluoride, even in excessive amounts. Biirgi et al. (1984) also stated that
fluoride does not potentiate the consequences of iodine deficiency in popu-
lations with a borderline or low iodine intake and that published data fail
to support the hypothesis that fluoride has adverse effects on the thyroid
(at doses recommended for caries prevention). McLaren (1976), however,
pointed out the complexity of the system, the difficulties in making adequate
comparisons of the various studies of fluoride and the thyroid, and evidence
for fluoride accumulation in the thyroid and morphological and functional
changes (e.g., changes in activity of adenylyl cyclase), suggesting that ana-
lytical methods could have limited the definitiveness of the data to date. His
review suggested that physiological or functional changes might occur at
fluoride intakes of 5 mg/day.

Although fluoride does not accumulate significantly in most soft tissue
(as compared to bones and teeth), several older studies found that fluoride
concentrations in thyroid tissue generally exceed those in most other tissue
except kidney (e.g., Chang et al. 1934; Hein et al. 1954, 1956); more recent
information with improved analytic methods for fluoride was not located.
Several studies have reported no effect of fluoride treatment on thyroid
weight or morphology (Gedalia et al. 1960; Stolc and Podoba 1960; Saka
et al. 19635; Bobek et al. 1976; Hara 1980), while others have reported such
morphological changes as mild atrophy of the follicular epithelium (Ogil-
vie 1953), distended endoplasmic reticulum in follicular cells (Sundstrom
1971), and “morphological changes suggesting hormonal hypofunction”
(Jonderko et al. 1983).

Fluoride was once thought to compete with iodide for transport into
the thyroid, but several studies have demonstrated that this does not occur
(Harris and Hayes 1955; Levi and Silberstein 1955; Anbar et al. 1959; Saka
et al. 19685). The iodide transporter accepts other negatively charged ions
besides iodide (e.g., perchlorate), but they are about the same size as iodide
(Anbar et al. 1959); fluoride ion is considerably smaller and does not appear
to displace iodide in the transporter.
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Animal Studies

A number of studies have examined the effects of fluoride on thyroid
function in experimental animals or livestock (for details, see Appendix E,
Tables E-1, E-2, and E-3). Of these, the most informative are those that have
considered both the fluoride and iodine intakes.

Guan et al. (1988) found that a fluoride intake of 10 mg/L in drinking
water had little apparent effect on Wistar rats with sufficient iodine intake,
but a fluoride intake of 30 mg/L in drinking water resulted in significant
decreases in thyroid function (decreases in T4, T3, thyroid peroxidase, and
3H-leucine), as well as a decrease in thyroid weight and effects on thyroid
morphology (Table E-2). In iodine-deficient rats, fluoride intake of 10 mg/L
in drinking water produced abnormalities in thyroid function beyond that
attributable to low iodine, including decreased thyroid peroxidase, and low
T4 without compensatory transformation of T4 to T3.

Zhao et al. (1998), using male Kunmin mice, found that both iodine-de-
ficient and iodine-excess conditions produced goiters, but, under iodine-de-
ficient conditions, the goiter incidence at 100 days increased with increased
intake of fluoride. At 100 days, the high-fluoride groups had elevated serum
T4 at all concentrations of iodine intake and elevated T3 in iodine-deficient
animals. High fluoride intake significantly inhibited the radioiodine uptake
in the low- and normal-iodine groups.

Stolc and Podoba (1960) found a decrease in protein-bound iodine in
blood in fluoride-treated female rats (3-4 mg/kg/day) fed a low-iodine diet
but not in corresponding rats fed a larger amount of iodine. Both groups
(low- and high-iodine) of fluoride-treated rats showed a reduced rate of
biogenesis of T3 and T4 after administration of 13'T compared with controls
(Stolc and Podoba 1960).

Bobek et al. (1976) found decreases in plasma T4 and T3 as well as a
decrease in free T4 index and an increase in T3-resin uptake in male rats
given 0.1 or 1 mg of fluoride per day (0.4-0.6 or 4-6 mg/kg/day) in drinking
water for 60 days.? The authors suggested the possibility of decreased bind-
ing capabilities and altered thyroid hormone transport in blood.

Decreases in T4 and T3 concentrations have been reported in dairy
cows at estimated fluoride doses up to 0.7 mg/kg/day with possible iodine
deficiency (Hillman et al. 1979; Table E-3). Reduced T3 (Swarup et al. 1998)
and reduced T3, T4, and protein-bound iodine (Cinar and Selcuk 2005)
have also been reported in cows diagnosed with chronic fluorosis in India
and Turkey, respectively.

2The decrease in T3 in the group receiving 0.1 mg/day was not statistically significant (Table
E-1). Note that ATSDR (2003) stated that an intermediate-duration minimal risk level (MRL)
derived from this study of thyroid effects in rats would have been lower (more protective) than
the chronic-duration MRL derived from a human study of bone effects (0.05 mg/kg/day).
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Hara (1980) found elevated T3 and T4 at the lowest dose (approxi-
mately 0.1 mg/kg/day), decreased T3 and normal T4 at intermediate doses
(3-4 mg/kg/day), and decreased TSH and growth hormone (indicating pos-
sible effects on pituitary function) at the highest doses (10-20 mg/kg/day).
This was the only animal study of fluoride effects on thyroid function to
measure TSH concentrations; however, full details (e.g., iodine intake) are
not available in English.

Other studies have shown no effect of fluoride on the end points exam-
ined (Gedalia et al. 1960; Siebenhiiner et al. 1984; Clay and Suttie 1987;
Choubisa 1999; Table E-1). Choubisa (1999) looked only for clinical evi-
dence of goiter in domestic animals (cattle and buffaloes) showing signs of
enamel or skeletal fluorosis; no hormone parameters (e.g., T4, T3, TSH)
were measured. Gedalia et al. (1960) also did not measure T4, T3, or TSH;
radioiodine uptake, protein-bound iodine, and total blood iodine were all
normal in rats receiving fluoride doses up to approximately 1 milligram
per kilogram of body weight per day (mg/kg/day). Clay and Suttie (1987)
reported no significant differences from control values for T4 concentration
and T3 uptake in heifers fed up to 1.4 mg/kg/day; iodine intake is not stated
but probably was adequate, and TSH was not measured.

Siebenhiiner et al. (1984) carried out a special experiment involving io-
dine depletion of the thyroid before 6 days of fluoride treatment. No effects
were seen on the parameters measured, including T3 and T4 concentrations;
however, TSH was not measured. In addition, propylthiouracil (PTU), the
agent used to deplete the thyroid of iodine, also has an inhibitory effect on
deiodinases (Larsen et al. 2002; Larsen and Davies 2002); Siebenhiiner et al.
(1984) did not mention this second action of PTU and its relevance to the
interpretation of the experimental results, and there was no control group
without the PTU treatment.

Human Studies

Several authors have reported an association between endemic goiter
and fluoride exposure or enamel fluorosis in human populations in India
(Wilson 1941; Siddiqui 1960; Desai et al. 1993), Nepal (Day and Powell-
Jackson 1972), England (Wilson 1941; Murray et al. 1948), South Africa
(Steyn 1948; Steyn et al. 1955; Jooste et al. 1999), and Kenya (Obel 1982).
Although endemic goiter is now generally attributed to iodine deficiency
(Murray et al. 1948; Obel 1982; Larsen et al. 2002; Belchetz and Hammond
2003), some of the goitrogenic areas associated with fluoride exposure were
not considered to be iodine deficient (Steyn 1948; Steyn et al. 1955; Obel
1982; Jooste et al. 1999). Obel (1982) indicated that many cases of fluorosis
in Kenya occur concurrently with goiter. Several authors raise the possibility
that the goitrous effect, if not due to fluoride, is due to some other substance
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in the water (e.g., calcium or water hardness) that was associated with the
fluoride concentration (Murray et al. 1948; Day and Powell-Jackson 1972)
or that enhanced the effect of fluoride (Steyn 1948; Steyn et al. 1955). Di-
etary selenium deficiencies (e.g., endemic in parts of China and Africa or due
to protein-restricted diets) can also affect normal thyroid function® (Larsen
et al. 2002); no information on dietary selenium is available in any of the
fluoride studies. Appendix E summarizes a number of studies of the effects
of fluoride on thyroid function in humans (see Table E-4).

Three studies illustrated the range of results that have been reported:
(1) Gedalia and Brand (1963) found an association between endemic goiter
in Israeli girls and iodine concentrations in water but found no association
with fluoride concentrations (<0.1-0.9 mg/L). (2) Siddiqui (1960) found
goiters only in persons aged 14-17 years; the goiters, which became less vis-
ible or invisible after puberty, were associated with mean fluorine content of
the water (5.4-10.7 mg/L) and were inversely associated with mean iodine
content of the water. (3) Desai et al. (1993) found a positive correlation (P
< 0.001) between prevalence of goiter (9.5-37.5%) and enamel fluorosis
(6.0-59.0%), but no correlation between prevalence of goiter and water
iodine concentration (P > 0.05).

Day and Powell Jackson (1972) surveyed 13 villages in Nepal where the
water supply was uniformly low in iodine (<1 pg/L; see Figure 8-1). Here
the goiter prevalence (5-69%, all age groups) was directly associated with
the fluoride concentration (<0.1 to 0.36 mg/L; P < 0.01) or with hardness,
calcium concentration, or magnesium concentration of the water (all P <
0.01). Goiter prevalence of at least 20% was associated with all fluoride
concentrations > 0.19 mg/L, suggesting that fluoride might influence the
prevalence of goiter in an area where goiter is endemic because of low iodine
intake. The possibility of a nutritional component (undernutrition or protein
deficiency) to the development of goiter was also suggested.

Jooste et al. (1999) examined children (ages 6, 12, and 15) who had
spent their entire lives in one of six towns in South Africa where iodine
concentrations in drinking water were considered adequate (median urinary
iodine concentration exceeding 201 pg/L [1.58 pmol/L]; see Appendix E,
Tables E-4 and E-5; Figure 8-2). For towns with low (0.3-0.5 mg/L) or near
“optimal” (0.9-1.1 mg/L) fluoride concentrations in water, no relationship
between fluoride and prevalence of mild goiter was found (5-18%); for the
other two towns (1.7 and 2.6 mg/L fluoride), however, goiter prevalences
were 28% and 29%, respectively, and most children had severe enamel
mottling. These two towns (and one low-fluoride town) had very low
proportions (0-2.2%) of children with iodine deficiency, defined as urinary

3All three deiodinases contain selenocysteine at the active sites and therefore have a minimum
requirement for selenium for normal function (Larsen et al. 2002).
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FIGURE 8-1 Goiter prevalence versus fluoride (left) and calcium (right)
concentration in drinking water for 13 villages in Nepal with very low iodine
concentrations. SOURCE: Day and Powell-Jackson 1972.

iodine concentrations <100 pg/L (<0.79 pmol/L). The town with the low-
est prevalence of goiter also had the lowest prevalence of undernutrition;
the two towns with the highest prevalence of goiter (and highest fluoride
concentrations) did not differ greatly from the remaining three towns with
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FIGURE 8-2 Goiter prevalence versus drinking water fluoride concentrations
in six South African towns with adequate iodine concentrations. One town
had a significantly lower prevalence of undernutrition than the other five
towns and is not included in the line fitting. SOURCE: Jooste et al. 1999.
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respect to prevalence of undernutrition. The authors suggested that fluoride
or an associated goitrogen might be responsible for the goiters seen in the
two towns with the highest fluoride concentrations but that some other
factor(s) was involved in development of goiter in the other towns.

Several studies have compared various aspects of thyroid status in popu-
lations with different fluoride intakes (for details, see Appendix E, Table
E-4). Leone et al. (1964) and Baum et al. (1981) reported no significant dif-
ferences in thyroid status between populations with low (0.09-0.2 mg/L) and
high (3-3.5 mg/L) fluoride concentrations in the drinking water. Leone et al.
(1964) looked only at protein-bound iodine and physical examination of the
thyroid in adults; Baum et al. (1981) measured a number of parameters in
teenagers, including T4, T3, and TSH. Neither study reported iodine status
of the groups. Baum et al. (1981) showed but did not explain a decrease in
thyroglobulin in girls in the high-fluoride group.

Bachinskii et al. (1985) examined 47 healthy persons, 43 persons
with hyperthyroidism, and 33 persons with hypothyroidism. Prolonged
consumption of “high-fluoride” drinking water (2.3 mg/L, as opposed to
“normal” concentrations of 1 mg/L) by healthy persons was associated
with statistically significant changes in TSH concentrations (increased), T3
concentrations (decreased), and uptake of radioiodine (increased), although
the mean values for TSH and T3 were still within normal ranges (see Ap-
pendix E, Table E-6). The mean value of TSH for the healthy group (4.3 +
0.6 milliunits/L; Table E-6) is high enough that one expects a few individuals
to have been above the normal range (typically 0.5-5 milliunits/L; Larsen et
al. 2002). These results were interpreted as indicating disruption of iodine
metabolism, stress in the pituitary-thyroid system, and increased risk of
developing thyroidopathy (Bachinskii et al. 1985).

Lin et al. (1991) examined 769 children (7-14 years old) for mental
retardation in three areas of China, including an area with “high” fluoride
(0.88 mg/L) and low iodine, an area with “normal” fluoride (0.34 mg/L)
and low iodine, and an area where iodine supplementation was routine
(fluoride concentration not stated). Ten to twelve children in each area re-
ceived detailed examinations, including measuring thyroid 3T uptake and
thyroid hormone concentrations. Children in the first area had higher TSH,
slightly higher 13T uptake, and lower mean IQ than children in the second
area. Children in the first area also had reduced T3 and elevated reverse
T3, compared with children in the second area. The authors suggested that
high fluoride might exacerbate the effects of iodine deficiency. In addition,
the authors reported a difference in T3/rT3 (T3/reverse-T3) ratios between
high- and low-fluoride areas and suggested that excess fluoride ion affects
normal deiodination.

A recent study by Susheela et al. (2005) compared thyroid hormone
status (free T4, free T3, and TSH) of 90 children with enamel fluorosis
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(drinking water fluoride ranging from 1.1 to 14.3 mg/L) and 21 children
without enamel fluorosis (0.14-0.81 mg/L fluoride in drinking water) in
areas where iodine supplementation was considered adequate.* Forty-nine
children (54.4%) in the sample group had “well-defined hormonal derange-
ments”; findings were borderline in the remaining 41 children. The types
of hormonal derangements included elevated TSH and normal T4 and T3
(subclinical hypothyroidism); low T3 and normal T4 and TSH (“low T3
syndrome”); elevated T3 and TSH and normal T4 (possible T3 toxicosis);
elevated TSH, low T4, and normal T3 (usually indicative of primary hypo-
thyroidism and iodine deficiency); and low T3, high TSH, and normal T4.
All but the first category are considered to be associated with or potentially
caused by abnormal activity of deiodinases. The authors concluded that
fluoride in excess may be inducing diseases that have usually been attributed
to iodine deficiency and that iodine supplementation may not be adequate
when excess fluoride is being consumed.

Thyroid hormone disturbances were also noted in the control children,
and urine and fluoride concentrations in the control children reflect higher
fluoride intake than can be accounted for by the drinking water alone
(Susheela et al. 2005). Thus, the authors recommend that end points such
as hormone concentrations should be examined with respect to serum or
urinary fluoride concentrations, not just drinking water fluoride concentra-
tions. In addition, they note that all hormone endpoints (T3, T4, and TSH)
should be examined, lest some of the abnormalities be missed.

Mikhailets et al. (1996) detected thyroid abnormalities (moderate re-
duction of iodine uptake, low T3, normal T4, and increased TSH) in 165
aluminum workers with signs of chronic fluorosis and an estimated average
fluoride intake of 10 mg/working day. A tendency toward increased TSH
was observed with increased exposure time and with more severe fluorosis.
Workers with more than 10 years of service had a significant decrease in
T3 concentration in comparison to controls. The frequency of individuals
with low concentrations of T3 (corresponding to hypothyroidism) was 65 %
among workers with more than 10 years of service and 54 % among workers
with Stage 2 fluorosis. The highest frequency of occurrence of low T3 (76 %)
was observed in people with chronic fluoride intoxication including liver
damage (moderate cytolysis), suggesting a disorder in peripheral conversion
of T4 to T3 (deiodination). The possibility of indirect effects of fluorine on
enzymatic deiodination was also suggested.

Tokar” et al. (1989) and Balabolkin et al. (1995) have also reported

“The lower range of fluoride in drinking water in the fluorosis group is not much different
from the higher range for the controls; however, in India, fluoride concentrations below 1
mg/L in drinking water are considered “safe” (Trivedi et al. 1993; Susheela et al. 2005) so the
demarcation is at least a logical one.
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thyroid effects in fluoride- or fluorine-exposed workers; full details of
these studies are not available in English. Balabolkin et al. (19935) found
that 51% of the workers examined had subclinical hypothyroidism with
reduced T3.

No changes in thyroid function were detected in two studies of osteo-
porosis patients treated with NaF for 6 months or several years (Eichner et
al. 1981; Hasling et al. 1987; for details, see Appendix E, Table E-7). These
study populations are not necessarily representative of the general popula-
tion, especially with respect to age and the fact that they usually receive cal-
cium supplements. In an earlier clinical study to examine the reported effects
of fluoride on individuals with hyperthyroidism, Galletti and Joyet (1958)
found that, in 6 of 15 patients, both basal metabolic rate and protein-bound
iodine fell to normal concentrations, and the symptoms of hyperthyroidism
were relieved after fluoride treatment. Fluoride was considered clinically
ineffective in the other 9 patients, although improvement in basal metabolic
rate or protein-bound iodine was observed in some of them. In the 6 patients
for whom fluoride was effective, tachycardia and tremor disappeared within
4-8 weeks, and weight loss was stopped. The greatest clinical improvement
was observed in women between 40 and 60 years old with a moderate de-
gree of thyrotoxicosis; young patients with the classic symptoms of Graves’
disease did not respond to fluoride therapy. Radioiodine uptake tests were
performed on 10 of the patients, 7 of whom showed an inhibitory effect on
initial 13! uptake by the thyroid.

Discussion (Effects on Thyroid Function)

In studies of animals with dietary iodine sufficiency, effects on thyroid
function were seen at fluoride doses of 3-6 mg/kg/day (Stolc and Podoba
1960; Bobek et al. 1976; Guan et al. 1988; Zhao et al. 1998); in one study,
effects were seen at doses as low as 0.4-0.6 mg/kg/day (Bobek et al. 1976).
In low-iodine situations, more severe effects on thyroid function were seen
at these doses (Stolc and Podoba 1960; Guan et al. 1988; Zhao et al. 1998).
Effects on thyroid function in low-iodine situations have also been noted at
fluoride doses as low as 0.06 mg/kg/day (Zhao et al. 1998), <0.7 mg/kg/day
(Hillman et al. 1979), and 1 mg/kg/day (Guan et al. 1988). Studies showing
no effect of fluoride on thyroid function did not measure actual hormone
concentrations (Gedalia et al. 1960; Choubisa 1999), did not report iodine
intakes (Gedalia et al. 1960; Clay and Suttie 1987; Choubisa 1999), used
fluoride doses (<1.5 mg/kg/day) below those (3-6 mg/kg/day) associated
with effects in other studies (Gedalia et al. 1960; Clay and Suttie 1987), or
did not discuss a possibly complicating factor of the experimental proce-
dure used (Siebenhtiner et al. 1984). Only one animal study (Hara 1980)
measured TSH concentrations, although that is considered a “precise and
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specific barometer” of thyroid status in most situations (Larsen et al. 2002).
Full details of Hara’s report are not available in English.

Goiter prevalence of at least 20% has been reported in humans exposed
to water fluoride concentrations > 0.2 mg/L (low-iodine situation; Day and
Powell-Jackson 1972) or 1.5-3 mg/L (undernutrition, but adequate iodine;
Jooste et al. 1999); however, other causes of goiter have not been ruled out.
Bachinskii et al. (1985) showed increased TSH concentrations and reduced
T3 concentrations in a population with a fluoride concentration of 2.3 mg/L
in their drinking water (in comparison to a group with 1.0 mg/L), and Lin et
al. (1991) showed similar results for a population with 0.88 mg/L fluoride
in the drinking water (in comparison to a group with 0.34 mg/L); another
study showed no effect at 3 mg/L (Baum et al. 1981). Among children
considered to have adequate iodine supplementation, Susheela et al. (2005)
found derangements of thyroid hormones in 54% of children with enamel
fluorosis (1.1-14.3 mg/L fluoride in drinking water), and in 45-50% of
“control” children without enamel fluorosis but with elevated serum fluo-
ride concentrations. Mikhailets et al. (1996) observed an increase in TSH in
workers with increased exposure time and with more severe fluorosis; low
T3 was found in 65% of workers with more than 10 years of service and
in 54% of workers with Stage 2 fluorosis. Several studies do not include
measurements of T4, T3, or TSH (Siddiqui 1960; Gedalia and Brand 1963;
Leone et al. 1964; Day and Powell-Jackson 1972; Teotia et al. 1978; Desai
et al. 1993; Jooste et al. 1999).

Nutritional information (especially the adequacy of iodine and selenium
intake) is lacking for many (iodine) or all (selenium) of the available stud-
ies on humans. As with the animal studies, high fluoride intake appears to
exacerbate the effects of low iodine concentrations (Day and Powell-Jackson
1972; Lin et al. 1991). Uncertainty about total fluoride exposures based on
water fluoride concentrations, variability in exposures within population
groups, and variability in response among individuals generally have not
been addressed. Although no thyroid effects were reported in studies using
controlled doses of fluoride for osteoporosis therapy, the study populations
are not necessarily representative of the general population with respect to
age, calcium intake, and the presence of metabolic bone disease.

Thus, several lines of information indicate an effect of fluoride exposure
on thyroid function. However, because of the complexity of interpretation
of various parameters of thyroid function (Larsen et al. 2002), the possi-
bility of peripheral effects on thyroid function instead of or in addition to
direct effects on the thyroid, the absence of TSH measurements in most of
the animal studies, the difficulties of exposure estimation in human studies,
and the lack of information in most studies on nutritional factors (iodine,
selenium) that are known to affect thyroid function, it is difficult to predict
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exactly what effects on thyroid function are likely at what concentration of
fluoride exposure and under what circumstances.

Suggested mechanisms of action for the results reported to date include
decreased production of thyroid hormone, effects on thyroid hormone trans-
port in blood, and effects on peripheral conversion of T4 to T3 or on nor-
mal deiodination processes, but details remain uncertain. Both peripheral
conversion of T4 to T3 and normal deiodination (deactivation) processes
require the deiodinases (Types I and II for converting T4 to T3 and Types I
and III for deactivation; Schneider et al. 2001; Larsen et al. 2002; Goodman
2003). Several sets of reported results are consistent with an inhibiting effect
of fluoride on deiodinase activity; these effects include decreased plasma
T3 with normal or elevated T4 and TSH and normal T3 with elevated T4
(Bachinskii et al. 1985; Guan et al. 1988; Lin et al. 1991; Balabolkin et al.
1995; Michael et al. 1996; Mikhailets et al. 1996; Susheela et al. 2005).
The antihyperthyroid effect that Galletti and Joyet (1958) observed in some
patients is also consistent with an inhibition of deiodinase activity in those
individuals.

The available studies have generally dealt with mean values of various
parameters for the study groups, rather than with indications of the clini-
cal significance, such as the fraction of individuals with a value (e.g., TSH
concentration) outside the normal range or with clinical thyroid disease. For
example, in the two populations of asymptomatic individuals compared by
Bachinskii et al. (19835), the elevated mean TSH value in the higher-fluoride
group is still within the normal range, but the number of individuals in that
group with TSH values above the normal range is not given.

In the absence of specific information in the reports, it cannot be as-
sumed that all individuals with elevated TSH or altered thyroid hormone
concentrations were asymptomatic, although many might have been. For
asymptomatic individuals, the significance of elevated TSH or altered thy-
roid hormone concentrations is not clear. Belchetz and Hammond (2003)
point out that the population-derived reference standards (e.g., for T4 and
TSH) reflect the mean plus or minus two standard deviations, meaning that
5% of normal people have results outside a given range. At the same time,
healthy individuals might regulate plasma T4 within a “personal band” that
could be much more narrow than the reference range; this brings up the
question of whether a disorder shifting hormone values outside the personal
band but within the population reference range requires treatment (Da-
vies and Larsen 2002; Belchetz and Hammond 2003). For example, early
hypothyroidism can present with symptoms and raised TSH but with T4
concentrations still within the reference range (Larsen et al. 2002; Belchetz
and Hammond 2003).

Subclinical hypothyroidism is considered a strong risk factor for later
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development of overt hypothyroidism (Weetman 1997; Helfand 2004).
Biondi et al. (2002) associate subclinical thyroid dysfunction (either hypo-
or hyperthyroidism) with changes in cardiac function and corresponding
increased risks of heart disease. Subclinical hyperthyroidism can cause bone
demineralization, especially in postmenopausal women, while subclinical
hypothyroidism is associated with increased cholesterol concentrations,
increased incidence of depression, diminished response to standard psychi-
atric treatment, cognitive dysfunction, and, in pregnant women, decreased
IQ of their offspring (Gold et al. 1981; Brucker-Davis et al. 2001). Klein
et al. (2001) report an inverse correlation between severity of maternal
hypothyroidism (subclinical or asymptomatic) and the IQ of the offspring
(see also Chapter 7).

A number of authors have reported delayed eruption of teeth, enamel
defects, or both, in cases of congenital or juvenile hypothyroidism (Hinrichs
1966; Silverman 1971; Biggerstaff and Rose 1979; Noren and Alm 1983;
Loevy et al. 1987; Bhat and Nelson 1989; Mg’ang’a and Chindia 1990;
Pirinen 1995; Larsen and Davies 2002; Hirayama et al. 2003; Ionescu et al.
2004). No information was located on enamel defects or effects on eruption
of teeth in children with either mild or subclinical hypothyroidism. The pos-
sibility that either dental fluorosis (Chapter 4) or the delayed tooth eruption
noted with high fluoride intake (Chapter 4; see also Short 1944) may be
attributable at least in part to an effect of fluoride on thyroid function has
not been studied.

THYROID PARAFOLLICULAR CELLS

The parafollicular cells (C cells) of the thyroid produce a 32-amino acid
peptide hormone called calcitonin (Bringhurst et al. 2002; Goodman 2003).
Calcitonin acts to lower blood calcium and phosphate concentrations, pri-
marily or exclusively by inhibiting osteoclastic (bone resorption) activity.
Calcitonin does not play a major role in calcium homeostasis in humans,
and its primary importance seems to be to protect against excessive bone
resorption (Bringhurst et al. 2002; Goodman 2003). At high concentrations,
calcitonin can also increase urinary excretion of calcium and phosphate, but
these effects in humans are small and not physiologically important for low-
ering blood calcium (Goodman 2003). Parafollicular cells express the same
G-protein-coupled, calcium-sensing receptors in their surface membranes as
do the chief cells of the parathyroid glands, receptors that respond directly
to ionized calcium in blood; however, the secretory response of the parafol-
licular cells is opposite that of the parathyroid chief cells (Bringhurst et al.
2002; Goodman 2003).
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Animal Studies

Very few animal studies have examined the effects of fluoride exposure
on parafollicular cells or calcitonin secretion (see Appendix E, Table E-8).
Sundstrém (1971) found no evidence for short-term release of calcitonin in
response to fluoride treatment in rats, in line with the view that NaF admin-
istration to rats by lavage resulted in hyperparathyroidism, secondary to the
calcitonin-like (blood calcium-lowering) action of fluoride on bone tissue.
Rantanen et al. (1972) reported that fluoride exposure had a retarding ef-
fect on cortical bone remodeling in female pigs and that an intact thyroid
gland was necessary for this effect. Replacing thyroid hormone (but not
calcitonin) in thyroidectomized pigs eliminated the retarding effect of fluo-
ride, suggesting that the effect involved the formation, release, or enhanced
action of calcitonin.

Human Studies

Teotia et al. (1978) found elevated calcitonin concentrations in seven
patients with skeletal fluorosis in a high-fluoride area and in one of two
patients who had moved to low-fluoride areas and showed improvement in
various parameters (see Appendix E, Tables E-9 and E-10). Elevated calci-
tonin was found in all patients with an estimated fluoride intake of at least
9 mg/day and in one patient with an estimated current fluoride intake of 3.8
mg/day and a previous (until 2 years before) intake of 30 mg/day. Four of the
individuals also had elevated parathyroid hormone (PTH), and radiographs
of two suggested secondary hyperparathyroidism. Plasma calcium in the
fluorosis patients was generally in the normal range, but urinary calcium
concentrations were lower than those of controls; dietary calcium intakes
were considered to be adequate. Vitamin D deficiency was not found.

In a review of skeletal fluorosis, Krishnamachari (1986) mentioned,
but did not elaborate on, “significant alterations” in the “parathyroid-thy-
rocalcitonin axis,” also stating that the sequence of the hormonal changes
was not clear and that the changes did not occur to the same degree in all
patients, possibly reflecting the adequacy of calcium intake. Elevated calci-
tonin was found in some but not all cases of skeletal fluorosis in a series of
epidemiologic studies reviewed by Teotia et al. (1998).

Tokar’ et al. (1989) reported elevated concentrations of calcitonin in the
blood of workers employed in fluorine production, indicating stimulation of
thyroid gland parafollicular cells. Huang et al. (2002) reported significantly
elevated concentrations of serum PTH and calcitonin in 50 male fluoride
workers and concluded that an excess of fluoride might affect secretion of
both calcium-adjusting hormones.
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Discussion (Effects on Parafollicular Cell Function)

Calcitonin concentrations do not seem to have been routinely measured
in cases of skeletal fluorosis, but elevated calcitonin does seem to be pres-
ent when looked for. The effect has been noted at fluoride intakes as low
as 3.8 mg/day in humans (approximately 0.06 mg/kg/day) and was found
routinely at intakes of at least 9 mg/day (approximately 0.15 mg/kg/day).
No animal studies have reported calcitonin concentrations after fluoride
exposure. Teotia et al. (1978) proposed several possible mechanisms (direct
and indirect) of fluoride action with respect to effects on calcitonin and PTH
secretion, but currently the significance of the elevated calcitonin concentra-
tions associated with skeletal fluorosis is not clear.’

PARATHYROID GLANDS

In humans, four small parathyroid glands are normally situated on the
posterior surface of the thyroid. These glands produce PTH, a simple 84-
peptide hormone, which is the principal regulator of extracellular calcium
(Bringhurst et al. 2002; Goodman 2003).® The primary effect of PTH is to
increase the calcium concentration and decrease the phosphate concentra-
tion in blood (Bringhurst et al. 2002; Goodman 2003). The major mecha-
nisms by which this effect occurs include the mobilization of calcium phos-
phate from the bone matrix, primarily from increased osteoclastic activity;
in the kidney, increased reabsorption of calcium, decreased reabsorption of
phosphate, and increased activation of vitamin Dj and increased intestinal
absorption of calcium (Bringhurst et al. 2002; Goodman 2003). PTH is
also important for skeletal homeostasis (bone remodeling). Regulation of
PTH secretion is inversely related to the concentration of ionized calcium
(Bringhurst et al. 2002; Goodman 2003).

Healthy individuals secrete PTH throughout the day (1-3 pulses per
hour); blood concentrations of PTH also exhibit a diurnal pattern, with
peak values after midnight and minimum values in late morning (el-Hajj

SCalcitonin inhibits bone resorption by acting directly on the osteoclast, but it appears to
play only a small role in regulating bone turnover in adults (Raisz et al. 2002). Elevated cal-
citonin concentrations are often present in certain types of malignancy, especially medullary
thyroid carcinoma (carcinoma arising from the thyroid parafollicular cells; Bringhurst et al.
2002; Schlumberger et al. 2002), but are considered a marker for the malignancy or for certain
other severe illnesses, rather than an adverse consequence. One source suggests that subtle
alterations in calcitonin production or response may play a role in metabolic bone disease
(Raisz et al. 2002).

®It is important to note that assays of PTH have varied over the years (Bringhurst et al. 2002;
Goodman 2003), making it difficult to compare reported PTH concentrations among different
studies; in this report, PTH concentrations (when given) are compared with the controls or
healthy individuals reported for the specific studies.
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Fuleihan et al. 1997; Goodman 2003). Circadian patterns of PTH concen-
trations differ in men and women (Calvo et al. 1991) and between healthy
and osteoporotic postmenopausal women (Eastell et al. 1992; Fraser et al.
1998). The diurnal fluctuations might be important for urinary calcium con-
servation (el-Hajj Fuleihan et al. 1997) and might be involved in anabolic
responses of bone to PTH (Goodman 2003). Alterations in PTH rhythms
might contribute to or be associated with osteoporosis (el-Hajj Fuleihan et
al. 1997; Fraser et al. 1998).

In Vitro Studies

Fluoride ion has been shown to be a potent inhibitor of PTH secretion in
bovine and human parathyroid cells in vitro (Chen et al. 1988; Shoback and
McGhee 1988; Sugimoto et al. 1990; Ridefelt et al. 1992); PTH inhibition
was observed at concentrations ranging from 0.5 to 20 mM (9.5-380 mg/L)
with maximum effect at or above 5 mM (95 mg/L). This action by fluoride
either requires or is potentiated by AI}*, consistent with a mechanism of
G-protein stimulation. Fluoride (or aluminum fluoride), via the G proteins,
suppresses CAMP accumulation, increases cytosolic Ca®* (probably by
stimulating a calcium channel), increases inositol phosphate accumulation,
and also might directly inhibit the PTH secretory process (Chen et al. 1988;
Shoback and McGhee 1988; Sugimoto et al. 1990; Ridefelt et al. 1992). No
single mechanism is clearly responsible for inhibiting PTH secretion, sug-
gesting that several mechanisms might be involved in its regulation.

Animal Studies

A number of animal studies of the effects of fluoride on parathyroid
function are summarized below (for more details, see Appendix E, Table
E-11). Administration of NaF as a lavage was found to elicit hyperpara-
thyroidism in rats (Yates et al. 1964, as cited by Sundstréom 1971); the hy-
perparathyroidism was thought to be secondary to a direct, calcitonin-like,
action of fluoride on bone tissue (Rich and Feist 1970, as cited by Sundstrom
1971). Levy et al. (1970) demonstrated increased resistance (suppressed sen-
sitivity) of alveolar bone to PTH (in pharmacologic doses) in marmosets fed
fluoride in drinking water (50 mg/L) for 5 months. More recently, increased
serum inorganic fluoride due to use of the anesthetic isoflurane was associ-
ated with decreased ionized calcium and increased PTH and osteocalcin in
cynomolgus monkeys (Hotchkiss et al. 1998).

A fivefold increase in blood PTH was seen as early as 1 week in lambs
given drinking water with fluoride at 90 mg/L (Faccini and Care 1965); by
1 month, ultrastructural changes considered to be indicative of increased
activity were observed in the parathyroid glands. The overactivity of the
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parathyroid might be a response to a “more stable mineral system, i.e.
fluoroapatite” that is “resistant to the normal processes of resorption,” thus
requiring an increase in PTH activity to maintain normal serum calcium
concentrations (Faccini 1969).

Chavassieux et al. (1991) reported a significant decrease in serum cal-
cium and phosphorus and increases in serum PTH in sheep fed 1 or 5 mg of
NaF per kg per day for 45 days, without calcium supplementation. Because
of wide variation, the increased serum PTH is not considered statistically
significant, but mean serum PTH in both groups at 45 days was at least
twice as high as at the beginning of the experiment. This study and those of
Faccini and Care (1965) and Hotchkiss et al. (1998) suggest a hypocalcemic
response to the fluoride, followed by increased PTH secretion in response
to the hypocalcemia.

Two longer-term animal studies with “high” concentrations of calcium
and vitamin D intake have reported no effect of fluoride exposure on cal-
cium homeostasis or parathyroid function (Andersen et al. 1986; Turner et
al. 1997). However, two other studies with low-calcium situations found
an altered parathyroid response. In one of these studies, Li and Ren (1997)
reported that rats fed fluoride (100 mg/L in drinking water) for 2 months
along with a low-calcium diet exhibited osteomalacia, osteoporosis, ac-
celerated bone turnover, increased serum alkaline phosphatase, increased
osteocalcin,” and increased PTH. Fluoride-treated animals with adequate
dietary calcium showed only slightly increased osteoblastic activity after
2 months but elevated serum alkaline phosphatase activity and increased
average width of trabecular bone after 1 year.

In an earlier study, Rosenquist et al. (1983) fed drinking water contain-
ing fluoride at 50 mg/L to male Wistar rats from the age of 5 weeks until age
51 weeks; half the animals were given a calcium-deficient diet for the last
16 weeks. Control animals were fed drinking water containing fluoride at
<0.5 mg/L. At 35 weeks, average serum immunoreactive PTH was reduced,
but not significantly, in the fluoride-treated rats. At 51 weeks, calcium-de-
ficient rats without fluoride showed elevated PTH (the normal response),
whereas calcium-deficient rats with fluoride showed very slightly less PTH
than calcium-sufficient, fluoride-treated rats. All groups had normal serum
calcium concentrations. The authors concluded that fluoride in the amount
used does not increase parathyroid activity and that fluoride supplementa-
tion “seems to prevent the profound changes in parathyroid activity that
result from calcium deficiency” (Rosenquist et al. 1983). However, a better
interpretation of the data is that the normal increase in PTH in response to
a dietary calcium deficiency did not occur in the fluoride-treated animals

7Elevated osteocalcin and alkaline phosphatase are considered markers for bone turnover
(Raisz et al. 2002).
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(although some morphological changes occurred), suggesting that normal
parathyroid function was inhibited. These animals were adults when the
calcium deficiency was imposed, and the effect of fluoride treatment on ani-
mals with a preexisting calcium deficiency was not examined. Substantially
wider standard deviations were observed for all fluoride-treated and cal-
cium-deficient groups than in the controls (no fluoride, calcium sufficiency),
suggesting variable responses in the animals.

Dunipace et al. (1995, 1998) examined the effects of fluoride (up to 50
mg/L in drinking water) on male Sprague-Dawley rats with a normal diet
(Dunipace et al. 1995) or with either a calcium-deficient diet or a diet defi-
cient in protein, energy, or total nutrients (Dunipace et al. 1998). Fluoride
reportedly had no effect on various clinical parameters monitored in normal,
calcium-deficient, or malnourished animals; however, the papers showed
results only for combinations of fluoride treatment groups, and calcium-
related parameters such as PTH and calcitonin concentrations were not
measured. The combination of general malnutrition and calcium deficiency
was not examined.

Verma and Guna Sherlin (2002b) reported hypocalcemia in female rats
and their offspring when the mothers were treated with NaF (40 mg/kg/day)
during gestation and lactation. PTH was not measured.

Tiwari et al. (2004) reported decreased serum calcium, increased serum
alkaline phosphatase, increased concentrations of vitamin D metabolites
(both 25(OH)D3 and 1,25(0OH)2D3), and lower whole body bone mineral
density (suggestive of deficient mineralization) in rats born to mothers given
a calcium-deficient diet and high fluoride (50 mg/L in drinking water) from
day 11 of gestation; after weaning the pups were given the same low-cal-
cium, high-fluoride regimen. Although the authors did not measure PTH or
examine bone histomorphometry, they did demonstrate specific changes in
gene transcription in the duodenal mucosa, including decreased transcrip-
tion of the genes for the vitamin D receptor and calbindin D 9 k (a vitamin-D
regulated protein that enhances calcium uptake) and altered (decreased at
9 weeks) transcription of the gene for the calcium-sensing receptor (which
senses changes in extracellular calcium concentrations and regulates serum
calcium concentrations by influencing PTH secretion). Excess fluoride con-
tinued to produce alterations in gene expression even when calcium was
restored to the diet. The changes in gene expression are thought to result in
decreased absorption of calcium from the gut.

Human Studies (Clinical, Occupational, or Population)

Clinical, occupational, and population studies of the effects of fluoride
on human parathyroid function are summarized below (for more detail, see
Appendix E, Table E-12). In one study with healthy subjects, a single oral
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dose of 27 mg of fluoride was followed by decreases in serum calcium and
phosphorus and an increase in serum immunoreactive PTH (Larsen et al.
1978), suggesting a rise in PTH in response to the decrease in serum calcium.
The fall in serum calcium was attributed to increased mineralization of bone
in response to the fluoride dose. Oral doses of fluoride at 27 mg/day for 3
weeks in healthy adults produced a significant increase in serum osteocalcin
at the end of the 3-week period but not in total or ionized calcium, alkaline
phosphatase, PTH, and several other parameters (Dandona et al. 1988). The
mean PTH concentration at 3 weeks was elevated slightly over the initial
(pretreatment) values, and the standard deviation was considerably larger,
suggesting that a few individuals might have had significant increases. In a
follow-up letter, Gill et al. (1989) suggested that the age of the subjects and
the sensitivity of the PTH assay might influence the findings.

Stamp et al. (1988, 1990) reported increased concentrations of biologi-
cally active PTH in osteoporosis patients receiving both calcium and sodium
fluoride during short- and long-term treatments. In the short-term (8-day)
study, two groups of patients were identified with respect to stability of
serum calcium and phosphorus concentrations (Stamp et al. 1988). In the
group with more stable serum calcium, NaF inhibited intestinal calcium
and phosphorus absorption and reduced calcium balance; this inhibition is
not explainable by the formation of calcium-fluoride complexes and might
be due to inhibition by fluoride of some step(s) in active transport (Stamp
et al. 1988).

In patients treated for 15 + 10 months, the treated group as a whole
had statistically significant elevation of biologically active PTH and serum
alkaline phosphatase (Stamp et al. 1990). In those patients (32% of the
treated group) in whom biologically active PTH was above the upper limit
of normal, serum alkaline phosphatase was not elevated above control
concentrations; elevated PTH also was associated with relative hypophos-
phatemia and relative hypercalciuria. Thus, in some individuals, fluoride
stimulated the synthesis or release of serum alkaline phosphatase, and PTH
concentrations were in the normal range; in others, serum alkaline phos-
phatase was not increased, indicating failure of the osteoblastic response,
and PTH concentrations were above the normal range.

Duursma et al. (1987) also found that individuals varied in their re-
sponses to fluoride treatment for osteoporosis. Those individuals who had
a femoral neck fracture during the treatment period (6 of 91 patients) also
appeared to have lower serum alkaline phosphatase concentrations and
higher serum PTH concentrations than other patients.

In a comparison of 25 fluoride-treated osteoporosis patients with
calcium supplementation and 38 controls with no fluoride treatment (but
in most cases calcium supplementation), Jackson et al. (1994) reported
no significant difference in mean calcium concentrations between groups,
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although 2 of 25 individuals were outside the normal range (versus 0 of 38
controls). A significant elevation in mean alkaline phosphatase concentra-
tion was observed in the treated group, with 8 of 25 individuals outside
the normal range (versus 0 of 38 controls); for those 8 individuals, the
significant elevation was largely due to an increased concentration of bone
isoenzymes. For the 24 patients for whom baseline (pretreatment) informa-
tion was available, mean calcium concentrations were significantly lower
and alkaline phosphatase was significantly higher. PTH was not measured
in these patients, and individuals with a history of thyroid, parathyroid, or
gastrointestinal problems were not included in the study. The authors stated
that “none of the mean differences between groups were considered to be
clinically significant,” but whether some individuals had clinically significant
situations was not addressed.

Dure-Smith et al. (1996) reported that fluoride-treated osteoporosis
patients who showed a rapid increase in spinal bone density also showed
a general state of calcium deficiency and secondary hyperparathyroidism;
similarly treated patients with a decrease or slow increase in spinal bone
density were much less likely to be calcium deficient. The degree of calcium
deficiency appeared to be related to the previous fluoride-dependent increase
in spinal bone density, indicating that an osteogenic response to fluoride can
increase the skeletal requirement for calcium, even in patients with a high
calcium intake. Reasons for the differences in response to fluoride treatment
(rapid increase versus decrease or slow increase in spinal bone density) were
not identified.

Osteoporosis patients treated either with slow-release NaF or with a
placebo (both with concurrent calcium supplementation) showed decreases
in immunoreactive PTH from initial pretreatment values, presumably due
to the calcium supplementation (Zerwekh et al. 1997b). PTH values in the
fluoride-treated group stayed slightly (but not significantly) higher than
those in the placebo group.

Li et al. (1995) described a population study in China that examined
adults in regions with various fluoride concentrations in the drinking water
and either “normal” or “inadequate” nutrition in terms of protein and cal-
cium intake; people in the sample were “healthy” rather than randomly se-
lected. A significant decrease in blood calcium concentration was associated
with an increase in fluoride exposure in the populations with inadequate
nutrition but was not detected in subjects with normal nutrition. Elevated
alkaline phosphatase activity with increased fluoride exposure was observed
in all populations, with higher values in subjects with inadequate nutrition.
PTH concentrations were not measured. For calcium, alkaline phosphatase,
and several other blood parameters, all values were stated to be within the
normal range regardless of fluoride exposure and nutritional condition, but
it is not clear whether “all values™ refers to mean or individual values.
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Jackson et al. (1997) examined adult volunteers in the United States
who had lived at least 30 years in communities with natural fluoride concen-
trations in drinking water of 0.2, 1.0, or 4.0 mg/L. Mean values for plasma
calcium, phosphate, and alkaline phosphatase for all groups were within
the normal ranges, although there were statistically significant differences
among groups for calcium and phosphate concentrations. On the basis of
plasma fluoride concentrations, the group in the 0.2-mg/L community was
thought to have higher fluoride intake than expected solely from their drink-
ing water. Calcium intakes and general nutritional status were not discussed,
and PTH concentrations were not measured.

Human Studies (Endemic Skeletal Fluorosis)

Six papers (five from India and one from South Africa) describe para-
thyroid function in cases of endemic skeletal fluorosis (see Appendix E,
Table E-13). An additional paper describes a U.S. patient with renal insuf-
ficiency, systemic fluorosis attributed to the renal insufficiency (and result-
ing polydipsia), and serum immunoreactive PTH more than three times the
normal value (Juncos and Donadio 1972). The patient’s fluoride intake at
the time of the study was about 20 mg/day, or 0.34 mg/kg/day. Johnson
et al. (1979) refer to that patient and 5 others with renal disease in whom
fluoride (approximately 1.7-3 mg/L in drinking water) “may have been the
cause of detectable clinical and roentgenographic effects.” They state that
plasma PTH concentrations were elevated in all 6, albeit the concentrations
were considered “relatively low” for the severity of the bone disease. Two
other U.S. patients with skeletal fluorosis but no renal disease did not have
elevated PTH concentrations (Felsenfeld and Roberts 1991; Whyte et al.
2005).

Singh et al. (1966) found significantly higher serum alkaline phos-
phatase values in individuals with fluorosis but no significant differences
between patients and controls in serum calcium or inorganic phosphate.
They did not measure PTH.

Teotia and Teotia (1973) reported that 5 of 20 patients with skeletal
fluorosis had clear evidence of secondary hyperparathyroidism. The esti-
mated mean fluoride intake was >25 mg/day; dietary calcium and vitamin
D were considered adequate. Laboratory results showed increased plasma
alkaline phosphatase, increased phosphate clearance, decreased tubular re-
absorption of phosphate, increased urinary fluoride, and decreased urinary
calcium. Plasma calcium and phosphate were normal in four of the patients.
Elevated serum immunoreactive parathyroid hormone was observed in all
five, especially in the person with elevated plasma calcium and decreased
plasma phosphate. This person, who was thought to have been develop-
ing tertiary hyperparathyroidism, was later found to have a parathyroid
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adenoma. Radiological findings in all five people were consistent with
hyperparathyroidism.

Teotia et al. (1978) reported increased PTH concentrations in four of
seven patients with endemic skeletal fluorosis (including the patient with
the lowest fluoride intake); increased alkaline phosphatase was seen in at
least three, and increased calcitonin was seen in all seven (Figure 8-3; Table
E-10). Radiographs of two persons were consistent with secondary hyper-
parathyroidism. Dietary intakes of fluoride were estimated to range from
8.7 to 52 mg/day. Plasma calcium concentrations in the fluorosis patients
were generally in the normal range, but urinary calcium concentrations
were lower than those of controls; dietary calcium intakes were considered
to be adequate. Vitamin D deficiency was not found. The finding that not
everyone had elevated PTH is consistent with other observations of vari-
ability in individual responses.

Srivastava et al. (1989) described four siblings in India with skeletal
fluorosis, normal total and ionized calcium concentrations, and normal
vitamin D concentrations. The mother of the four had subnormal total and
ionized calcium and subnormal vitamin D. All five individuals had signifi-
cantly elevated PTH, elevated osteocalcin, and elevated alkaline phospha-
tase (Figure 8-4). Fluoride intakes were estimated to be between 16 and 49
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FIGURE 8-3 Plasma immunoreactive parathyroid hormone (IPTH) versus
fluoride intake for nine skeletal fluorosis patients (two of whom had moved
to a low-fluoride area) and five controls (data from Teotia et al. 1978; see
Appendix E, Tables E-10 and E-13). Note that two of the control patients
shown with IPTH values of 0.35 pg/mL were actually reported as “< 0.35”
pg/mL. The four IPTH values of 0.7 pg/mL or greater were considered elevated
above the values found in healthy controls.
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FIGURE 8-4 Fluoride intake and serum fluoride (upper left) in four Indian
siblings (subjects 2-5) and their mother (subject 1). Serum PTH and osteocalcin
and plasma alkaline phosphatase are shown for the same subjects and for
normal age-matched Indian controls. SOURCE: Srivastava et al. 1989.

mg/day, primarily from a water source containing fluoride at 16.2 mg/L.
The findings of elevated PTH in the presence of low or normal total and
ionized calcium concentrations suggest secondary hyperparathyroidism in
these individuals.

Pettifor et al. (1989) described a study of 260 children between 6 and
16 years old in an area of South Africa with endemic skeletal fluorosis
(water fluoride concentrations of 8-12 mg/L). Hypocalcemia was present
in 23% of these children and in six of nine children presenting with skel-
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etal symptoms who were studied individually. In comparable areas with
low fluoride concentrations, the prevalence of hypocalcemia was only 2%
to13%. Bone fluoride was elevated about 10-fold in the seven children
measured. The children exhibited a reduced phosphaturic response dur-
ing a PTH-stimulation test, suggestive of pseudohypoparathyroidism Type
II; the response was directly related to the presence of hypocalcemia and
could be corrected by correcting the hypocalcemia. Biopsies of iliac crest
bone gave a picture of severe hyperosteoidosis associated with secondary
hyperparathyroidism and a mineralization defect. The authors suggested
that fluoride ingestion might increase calcium requirements and exacerbate
the prevalence of hypocalcemia. The usual result of low calcium intake is
classical rickets and generalized osteopenia; in this case, the combination of
low calcium and high fluoride resulted in a different presentation at a later
age. The degree of hypocalcemia appears to play a major role in determin-
ing the severity of osteomalacia present in endemic skeletal fluorosis and
influences the renal response to hyperparathyroidism (in terms of variable
serum phosphate values). The authors also pointed out the “striking male
predominance” of skeletal fluorosis in their study and cited similar findings
in previous studies.

Gupta et al. (2001) described a one-time study of children aged 6-12
in four regions of India with different fluoride intakes (for details, see Ap-
pendix E, Table E-14). Mean serum calcium concentrations were within the
normal range for all groups. The serum PTH in all groups was correlated
with the fluoride intake (Figure 8-5) and with the severity of clinical and
skeletal fluorosis. The authors concluded that the increased serum PTH
was related to high fluoride ingestion and could be responsible for main-
taining serum calcium concentrations as well as playing a role in the toxic
manifestations of fluorosis. Calcium intake is not stated in the paper, but
the primary author has indicated that calcium intake in the study areas was
normal (S. K. Gupta, Satellite Hospital, Banipark, Jaipur, personal com-
munication, December 11, 2003).

In a review of skeletal fluorosis, Krishnamachari (1986) indicated that
the nature (osteosclerotic, osteomalacic, osteoporotic) and severity of the
fluorosis depend on factors such as age, sex, dietary calcium intake, dose
and duration of fluoride intake, and renal efficiency in fluoride handling.
In some cases, secondary hyperparathyroidism is observed with associated
characteristic bone changes. He also noted the preponderance of males
among fluorosis patients and discussed a possible protective effect of estro-
gens. In his review, Krishnamachari (1986) described a twofold model for
the body’s handling of fluoride.

1. In the presence of adequate calcium, absorbed fluoride is deposited
in the bone as calcium fluorapatite. Bone density increases, urinary fluoride
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FIGURE 8-5 Parathyroid hormone (IPTH) versus fluoride intake for children
in four villages with different mean fluoride intakes (Gupta et al. 2001; also
see Appendix E, Tables E-13 and E-14). Vertical lines indicate standard
deviations on the means. Horizontal lines indicate normal range of IPTH
(48.1 £ 11.9 pM/L) for this method of measurement.

increases, but urinary calcium and phosphorus are not altered. Osteoscle-
rosis and calcification of many tendons and ligaments occur. Serum alkaline
phosphatase activity is elevated, but no specific changes occur in other
constituents of serum. There are minimal hormonal changes and only mild
secondary hyperparathyroidism. If the situation progresses, there will be
osteophytosis (bony outgrowths), neurological complications,® and late
crippling, producing an osteosclerotic form of fluorosis that primarily affects
adults.

2. In the presence of inadequate calcium, fluoride directly or indirectly
stimulates the parathyroid glands, causing secondary hyperparathyroidism
leading to bone loss. Bone density is variably increased, with areas of scle-
rosis or porosis; there is evidence (radiological and densitometrical) of bone
loss. There is renal conservation of calcium in spite of hyperparathyroidism,
with no significant changes in serum biochemistry; urinary hydroxyproline
excretion is significantly increased. In these conditions, an osteoporotic type
of skeletal fluorosis occurs at a younger age, and growing children develop
deformities due to bone softening.

8«Neurological complications” probably refers to the effects of compression of the spinal
cord, e.g., those described by Singh et al. (1961).
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Teotia et al. (1998) compared a number of epidemiologic studies of
skeletal fluorosis from 1963 to 1997, including 45,725 children consuming
water with fluoride at 1.5-25 mg/L. They observed that the combination
of fluoride exposure and calcium deficiency led to more severe effects of
fluoride, metabolic bone diseases, and bone deformities, resulting from
excess fluoride, low calcium, high PTH, and high 1,25-dihydroxy vitamin
D3. Fluoride exposure in the presence of calcium sufficiency led to an os-
teosclerotic form of fluorosis, with minimal secondary hyperparathyroidism.
For comparable fluoride intake, metabolic bone disease occurs in 90% of
children with calcium deficiency versus 25% of children with adequate cal-
cium intake. The authors concluded that the toxic effects of fluoride occur
at a lower fluoride intake (>2.5 mg/day) when there is a calcium deficiency
and that fluoride appears to exaggerate the metabolic effects of calcium
deficiency on bone.

Discussion (Parathyroid Function)

Of the animal studies that actually measured PTH, two studies have
shown no effect of fluoride on PTH concentrations in blood (Liu and Bay-
link 1977; Andersen et al. 1986); animals in these studies were supplied with
adequate or high dietary calcium. An additional three studies reported no
effect of fluoride on serum or plasma calcium concentrations but did not
measure PTH concentrations (Rosenquist and Boquist 1973; Dunipace et
al. 1995, 1998). Rosenquist and Boquist (1973) gave no information on
dietary calcium. One experiment by Dunipace et al. (1998) specifically used
low dietary calcium for some treatment groups. Turner et al. (1997) found
decreased serum calcium and elevated (but not significantly so) PTH in
fluoride-treated animals with high dietary calcium. Both Verma and Guna
Sherlin (2002b) and Tiwari et al. (2004) reported hypocalcemia due to com-
bined calcium deficiency and fluoride exposure, but PTH was not measured.
Tiwari et al. (2004) described changes in gene expression that would result
in reduced calcium absorption from the gut. Elevated PTH concentrations
were reported for fluoride-treated animals in three papers, including one
with no information on dietary calcium (Faccini and Care 1965), one with
normal dietary calcium and decreased serum calcium (Chavassieux et al.
1991), and one with low dietary calcium (Li and Ren 1997). In one other
study, the normal response to a calcium deficiency (elevated PTH) did not
occur in fluoride-exposed animals (Rosenquist et al. 1983).

Human studies show elevated PTH concentrations in at least some
individuals at doses of 0.4-0.6 mg/kg/day (Teotia and Teotia 1973; Larsen
et al. 1978; Duursma et al. 1987; Dandona et al. 1988; Stamp et al. 1988,
1990; Srivastava et al. 1989; Dure-Smith et al. 1996; Gupta et al. 2001)
and in some cases at doses as low as 0.15 mg/kg/day (Teotia et al. 1978)
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and 0.34 mg/kg/day (Juncos and Donadio 1972). Li et al. (1995) found a
significant decrease in mean plasma calcium concentrations with increased
fluoride exposure in populations of apparently healthy adults with inad-
equate nutrition, but PTH was not measured. Jackson et al. (1994) found
calcium concentrations outside the normal range in 2 of 25 persons treated
with fluoride for osteoporosis, but the mean value for the group was within
the normal range; these persons also received calcium supplementation.
Calcium concentrations in 24 patients decreased from pretreatment con-
centrations; however, PTH concentrations were not measured. Jackson
et al. (1997) also found no significant effect of fluoride on blood calcium
concentrations in people who lived in communities with different fluoride
concentrations but presumably had adequate nutrition; PTH concentrations
were not measured.

The indirect action of fluoride on parathyroid function is relatively
straightforward: fluoride induces a net increase in bone formation (Chavas-
sieux et al. 1991) and also decreases calcium absorption from the gastroin-
testinal tract (beyond the degree expected by formation of calcium-fluoride
complexes; Krishnamachari 1986; Stamp et al. 1988; Ekambaram and Paul
2001); both of these effects lead to an increase in the body’s calcium require-
ment (Pettifor et al. 1989; Ekambaram and Paul 2001). If dietary calcium is
inadequate to support the increased requirement, the response is an increase
in PTH (secondary hyperparathyroidism). PTH acts to increase resorption
of bone, but the effect is uneven; low-fluoride bone is resorbed first (Faccini
1969). As bone fluoride increases, the “solubility” of the bone, or the ease
with which it is resorbed, is decreased (because of the greater stability of
fluorapatite), giving an apparent resistance to the effects of PTH (Faccini
1969; Levy et al. 1970; Messer et al. 1973a,b). The indirect action of fluo-
ride to cause an increased calcium requirement is consistent with reports of
reduced milk production (due to inadequate mobilization of calcium from
bone) in livestock with excessive fluoride consumption and of more severe
fluorosis in lactating animals (due to the higher calcium utilization during
lactation) (e.g., Eckerlin et al. 1986a,b; Jubb et al. 1993). The work of Ti-
wari et al. (2004) provides an initial description of a mechanism by which
fluoride exposure in the presence of a calcium deficiency further increases
the dietary requirement for calcium, namely by altering the expression of
genes necessary for calcium absorption from the gastrointestinal tract.

Some studies also indicate direct effects of fluoride on the parathyroid
gland. Elevated PTH in the presence of normal serum calcium might indicate
a stimulatory effect of fluoride (Gill et al. 1989; Srivastava et al. 1989). The
absence of the normal elevation of PTH in response to calcium deficiency
suggests an inhibitory effect (Rosenquist et al. 1983), as do several in vitro
studies (Chen et al. 1988; Shoback and McGhee 1988; Sugimoto et al. 1990;
Ridefelt et al. 1992). The possibility also exists that a direct effect on either

Copyright © National Academy of Sciences. All rights reserved.



Fluoride in Drinking Water: A Scientific Review of EPA's Standards
http://www.nap.edu/catalog/11571.html

EFFECTS ON THE ENDOCRINE SYSTEM 251

the parathyroid or the thyroid parafollicular cells leads to a compensatory
response from the other, but this has not been examined.

Several studies have reported different responses among individuals or
variability in group responses (Teotia and Teotia 1973; Teotia et al. 1978;
Krishnamachari 1986; Duursma et al. 1987; Dandona et al. 1988; Stamp
et al. 1988; 1990; Jackson et al. 1994; Dure-Smith et al. 1996; Gupta et
al. 2001); the reasons for these differences are not clear but might include
genetic differences in addition to variability in nutritional factors. The ef-
fects also might vary with age, sex, and the duration (as well as degree) of
hypocalcemia.

Any cause of hypocalcemia or vitamin D deficiency can lead to sec-
ondary hyperparathyroidism (elevated PTH) in an attempt by the body to
maintain calcium homeostasis (Ahmad and Hammond 2004).° Fluoride
clearly has the effect of decreasing serum calcium and increasing the calcium
requirement in some or many exposed persons. In those studies which have
measured it, PTH is elevated in some persons in response to fluoride expo-
sure, indicating secondary hyperparathyroidism. No information has been
reported in those studies on the clinical effects, if any, in those persons. In
general, secondary hyperparathyroidism in response to calcium deficiency
may contribute to a number of diseases, including osteoporosis, hyperten-
sion, arteriosclerosis, degenerative neurological diseases, diabetes mellitus,
some forms of muscular dystrophy, and colorectal carcinoma (Fujita and
Palmieri 2000). McCarty and Thomas (2003) suggest that down-regula-
tion of PTH (by calcium and/or vitamin D supplementation) could assist in
control of weight and prevention of diabetes.

Calcium deficiency induced or exacerbated by fluoride exposure may
contribute to other adverse health effects. For example, Goyer (1995) indi-
cates that low dietary calcium increases the concentration of lead in critical
organs and the consequent toxicity. A recent increase in the number of cases
of nutritional rickets in the United States appears to reflect calcium-deficient
diets rather than vitamin D deficiencies (DeLucia et al. 2003). These cases
occur in children whose diet lacks dairy products;!? circulating PTH con-
centrations are elevated, as are alkaline phosphatase concentrations. The
authors “emphasize that nutritional calcium deficiency may occur in North
American infants and is not limited to the setting of developing countries”
and state that “factors that affect calcium absorption may be important in
determining a susceptibility to the development of rickets.”

“Renal failure is the most common cause of secondary hyperparathyroidism (Ahmad and
Hammond 2004).

10A diet low in dairy products will have not only a lower calcium content but probably
also a higher fluoride content, due to greater use of beverages such as juices that have been
manufactured with fluoridated municipal water (see Chapter 2); absorption and retention of
fluoride will be higher because of the calcium deficiency.
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PINEAL GLAND

The pineal gland is a small organ (150 mg in humans) located near the
center of the brain. One of the major components of the mammalian circa-
dian system, it lies in the upper margins of the thalamus in the dorsal aspects
of the third ventricle and has both physical and neuronal connections with
the brain. Although the pineal gland lies outside the blood-brain barrier,
it has access to the cerebrospinal fluid. The pineal gland’s major neuronal
connections with the brain are the sympathetic nerve fibers coming from the
superior cervical ganglion; the activity of these sympathetic nerves controls
synthesis and release of the pineal hormone melatonin (Cone et al. 2002).!!
Other substances (primarily peptides) are also secreted from the pineal gland
and have been reported to have various physiological effects, including an-
tigonadotropic, metabolic, and antitumor activity (Anisimov 2003).

Most melatonin production occurs during darkness (Reiter 1998; Salti
et al. 2000; Cone et al. 2002; Murcia Garcia et al. 2002). Peak serum con-
centrations of melatonin occur during childhood in humans, with decreasing
concentrations during adolescence before stabilization at the low concentra-
tion characteristic of adults (Garcia-Patterson et al. 1996; Murcia Garcia
et al. 2002); further decreases in melatonin occur at menopause in women
and at a corresponding age in men (Reiter 1998).

Melatonin affects target tissues, such as the hypophyseal pars tuberalis,
that have a high density of melatonin receptors. The primary effect seems to
be temporally specific activation of cAMP-sensitive gene expression in the
pars tuberalis by the sensitization of adenylyl cyclase, thus synchronizing
the suprachiasmatic nucleus of the hypothalamus and clock-controlled genes
in peripheral tissue (Stehle et al. 2003). In humans, changes in melatonin
are associated with the status of the reproductive system—onset of puberty,
stage of puberty, menstrual cyclicity, menopause (Reiter 1998; Salti et al.
2000)—but the functional relationships are not fully understood. The el-
evated melatonin concentrations characteristic of prepubertal age suggest an
inhibitory effect on pubertal development (Aleandri et al. 1997; Salti et al.
2000); sexual maturation begins when serum melatonin starts to decrease
(Aleandri et al. 1997; Reiter 1998). Melatonin also seems to be involved
with anxiety reactions; for example, the beneficial effects of fluoxetine
(Prozac) in mice during an anxiety test are not found if the pineal gland has
been removed (Uz et al. 2004).

Melatonin and pineal peptides have been associated with a number of
other physiological effects, including regulation of circadian rhythms and

Melatonin is also found in cells lining the gut from stomach to colon. Its functions are
mainly protective, including free radical scavenging. Some of melatonin’s actions are recep-
tor-mediated and involve the central and peripheral sympathetic nervous systems (Reiter et
al. 2003a).
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sleep (Arendt 2003; Cajochen et al. 2003); regulation of reproductive physi-
ology in seasonal breeders (Aleandri et al. 1997; Reiter 1998; Stehle et al.
2003); effects on calcium and phosphorus metabolism, parathyroid activity,
bone growth, and development of postmenopausal osteoporosis (Chen et
al. 1990, 1991; Sandyk et al. 1992; Shoumura et al. 1992; el-Hajj Fulei-
han et al. 1997; Roth et al. 1999; Cardinali et al. 2003; Goodman 2003);
oncostatic or anticarcinogenic effects (Cohen et al. 1978; Garcia-Patterson
et al. 1996; Panzer 1997; Anisimov 2003); antioxidant actions (Srinivasan
2002; Reiter et al. 2003b); and effects on the central nervous system, psy-
chiatric disease, and sudden infant death syndrome (Garcia-Patterson et al.
19965 Reiter 1998; Delagrange et al. 2003). Panzer (1997) suggested that
the simultaneous decrease in melatonin concentrations and the exponential
increase in bone growth during puberty could be a factor in the typical age
distribution of osteosarcoma.

Pineal Gland Calcification

The pineal gland is a calcifying tissue; in humans, calcified concretions
can be found at any age, although the likelihood increases with age (Vigh et
al. 1998; Akano and Bickler 2003) and may be associated with menopause
(Sandyk et al. 1992). The occurrence of pineal calcifications varies among
different populations and nations (Vigh et al. 1998), possibly in associa-
tion with the degree of industrialization (Akano and Bickler 2003), rates of
breast cancer (Cohen et al. 1978), and high circannual light intensity near
the equator (Vigh et al. 1998). Osteoporosis might be associated with fewer
concretions (Vigh et al. 1998).

Melatonin secretion is well correlated with the amount of uncalcified
pineal tissue (Kunz et al. 1999) but not with the size of pineal calcification
(Vigh et al. 1998; Kunz et al. 1999). An increase in calcification of the pineal
gland in humans probably represents a decrease in the number of function-
ing pinealocytes and a corresponding decrease in the individual’s ability to
produce melatonin (Kunz et al. 1999). The degree of calcification, relative
to the size of an individual’s pineal gland, has been suggested as a marker
of the individual’s decreased capability to produce melatonin (Kunz et al.
1999).

As with other calcifying tissues, the pineal gland can accumulate fluo-
ride (Luke 1997, 2001). Fluoride has been shown to be present in the pineal
glands of older people (14-875 mg of fluoride per kg of gland in persons
aged 72-100 years), with the fluoride concentrations being positively re-
lated to the calcium concentrations in the pineal gland, but not to the bone
fluoride, suggesting that pineal fluoride is not necessarily a function of cu-
mulative fluoride exposure of the individual (Luke 1997, 2001). Fluoride
has not been measured in the pineal glands of children or young adults, nor
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has there been any investigation of the relationship between pineal fluoride
concentrations and either recent or cumulative fluoride intakes.

In Vitro Studies

Few studies have examined the effects of fluoride on pineal function.
NaF (2.5-20 mM, or fluoride at 47.5-380 mg/L) produces markedly in-
creased adenylyl cyclase activity (up to four times control activity) of rat
pineal homogenates in vitro (Weiss 1969a,b), as it does in other tissues
(Weiss 1969a); ATPase activity in the homogenates was inhibited by up to
50% (Weiss 1969a). Potassium fluoride (7-10 mM, or fluoride at 133-190
mg/L) has been used experimentally to increase adenylyl cyclase activity in
rat pineal glands in vitro (Zatz 1977, 1979).

Animal Studies

Details of the effect of fluoride on pineal function are presented in Ap-
pendix E, Table E-15. Luke (1997) examined melatonin production as a
function of age and time of day in Mongolian gerbils (Meriones unguicula-
tus). On an absolute basis, melatonin production by the low-fluoride group
was constant at ages 7-28 weeks, with no difference between males and
females. Relative to body weight, melatonin output declined progressively
with age until adulthood (by 11.5 weeks in females and 16 weeks in males).
In contrast, prepubescent gerbils fed the high-fluoride diet had significantly
lower pineal melatonin production than prepubescent gerbils fed the low-
fluoride diet. Relative to body weight, the normal higher rate of melatonin
production in sexually immature gerbils did not occur.

Sexual maturation in females occurred earlier in the high-fluoride ani-
mals (Luke 1997); males had increases in melatonin production relative to
body weight between 11.5 and 16 weeks (when a decrease normally would
occur), and testicular weight at 16 weeks (but not at 9 or 28 weeks) was sig-
nificantly lower in high-fluoride than in low-fluoride animals. The circadian
rhythm of melatonin production was altered in the high-fluoride animals
at 11.5 weeks but not at 16 weeks. In high-fluoride females at 11.5 weeks,
the nocturnal peak (relative to body weight) occurred earlier than in the
low-fluoride animals; also, the peak value was lower (but not significantly
lower) in the high-fluoride animals. In males, a substantial reduction (P <
0.00001) in the nocturnal peak (relative to body weight) was observed in
the high-fluoride animals.
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Human Studies

Although no studies are available that specifically address the effect of
fluoride exposure on pineal function or melatonin production in humans,
two studies have examined the age of onset of menstruation (age of men-
arche) in girls in fluoridated areas (Schlesinger et al. 1956; Farkas et al.
1983; for details, see Appendix E, Table E-15);!? the earlier study was dis-
cussed by Luke (1997) as part of the basis for her research. No comparable
information on sexual maturation in boys is available.

In girls examined approximately 10 years after the onset of fluoridation
(1.2 mg/L, in 1945) in Newburgh, New York, the average age'® at men-
arche was 12 years, versus 12 years 5 months among girls in unfluoridated
Kingston (Schlesinger et al. 1956).'* The authors stated that this difference
was not statistically significant. Note that those girls who reached menarche
during the time period of the study had not been exposed to fluoride over
their entire lives, and some had been exposed perhaps for only a few years
before menarche (they would have been 8-9 years old at the time fluorida-
tion was started). Those girls in Newburgh who had been exposed to fluo-
ridated water since birth (or before birth) had not yet reached menarche by
the time of the study.

A later study in Hungary (Farkas et al. 1983) reported no difference in
the menarcheal age of girls in a town with “optimal” fluoride concentra-
tion (1.09 mg/L in Kunszentmarton, median menarcheal age 12.779 years)
and a similar control town (0.17 mg/L in Kiskunmajsa; median menarcheal

2Both Schlesinger et al. (1956) and Farkas et al. (1983) referred to tables of the distribution
of ages at the time of first menstruation, but, in fact, both studies provided only frequencies by
age (presumably at the time of study, in either 1-year or 0.5-year increments) of girls having
achieved menarche by the stated age. Farkas et al. (1983) specifically indicated use of the probit
method for ascertainment of the median age at menarche; the data provided by Schlesinger et al.
(1956) appear to correspond to that method, but they do not specifically mention it. The probit
(or status quo) method appears to be routinely used to estimate the median (or other percentiles
of) age at menarche, sometimes in conjunction with an estimated mean age at menarche based
on recall data (e.g., Wu et al. 2002; Anderson et al. 2003; Chumlea et al. 2003; Padez and
Rocha 2003). According to Grumbach and Styne (2002), “The method of ascertainment of the
age of menarche is of importance. Contemporaneous recordings are performed with the probit
method of asking, ‘yes’ or ‘no,” are you menstruating? These may be incorrect because of social
pressures of the culture and socioeconomic group considered. Recalled ages of menarche are
used in other studies and considered to be accurate within 1 year (in 90% of cases) during the
teenage years and in older women, to0o.”

BProbably the median age, although the text simply says “average.” Similar studies appear
to use the term “average age at menarche” to refer to the “estimated median age at menarche”
(Anderson et al. 2003).

4For comparison purposes, estimates of mean or median age at menarche for the white
population in the United States include 12.80 years for 1963-1970 (Anderson et al. 2003)
and 12.55-12.7 years for 1988-1994 (Wu et al. 2002; Anderson et al. 2003; Chumlea et al.
2003).
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age 12.79 years). This study shows postmenarcheal girls present at younger
ages in the higher fluoride town than in the low-fluoride town, although the
reported median ages were the same (Farkas et al. 1983).

Discussion (Pineal Function)

Whether fluoride exposure causes decreased nocturnal melatonin pro-
duction or altered circadian rhythm of melatonin production in humans
has not been investigated. As described above, fluoride is likely to cause
decreased melatonin production and to have other effects on normal pineal
function, which in turn could contribute to a variety of effects in humans.
Actual effects in any individual depend on age, sex, and probably other fac-
tors, although at present the mechanisms are not fully understood.

OTHER ENDOCRINE ORGANS

The effects of fluoride exposure have been examined for several other
endocrine organs, including the adrenals, the pancreas, and the pituitary
(for details, see Appendix E, Tables E-16 and E-17). Effects observed in
animals include changes in organ weight, morphological changes in tissues,
increased mitotic activity, decreased concentrations of pituitary hormones,
depressed glucose utilization, elevated serum glucose, and elevated insulin-
like growth factor-1 (IGF-1). Effects reported in humans include “endocrine
disturbances,” impaired glucose tolerance, and elevated concentrations of
pituitary hormones. Studies of the effects of fluoride on glucose metabolism
and in diabetic animals are discussed below; information on other effects
is extremely limited.

Animal Studies (Diabetic Animals)

Two studies have examined the effects of fluoride exposure in diabetic
rats. In the first study, Dunipace et al. (1996) compared male Zucker fatty
diabetic rats and Zucker age-matched controls given drinking water with
fluoride at 5, 15, or 50 mg/L."3 For the physiological, biochemical, and ge-
netic variables that were monitored, no “measurable adverse effects” were
noted. Statistically significant differences with respect to fluoride intake (as
opposed to differences between normal and diabetic animals) were observed
only for diabetic rats with fluoride at 50 mg/L. No endocrinological param-
eters (e.g., PTH) were measured. Dunipace et al. (1996) reported that fluo-
ride intake, excretion, and balance were generally similar in this study and

I5These fluoride intakes were considered to be equivalent to intakes by humans of 1, 3, and
10 mg/L (Dunipace et al. 1996).
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in a previous study with Sprague-Dawley rats but that there were “strain-
specific differences in fluoride sensitivity”; these differences were not defined
or explained. The Zucker fatty diabetic rat is considered to be an animal
model for human Type II (noninsulin-dependent) diabetes mellitus, although
the diabetic rats in this study did not experience renal insufficiency, and the
study was terminated before an age that might be more comparable to ages
associated with late-onset diabetes and diabetic complications in humans.
The authors concluded that the diabetic rats “were not at increased risk of
fluorosis,” even though femoral fluoride concentrations (2,700-9,500 pg/g
in ash for diabetic rats given fluoride at 15 or 50 mg/L versus 2,500-3,600
in normal rats given fluoride at 50 mg/L) were in the range associated with
fluorosis in humans and exceeded concentrations of bone fluoride associated
with decreased bone strength in rabbits (6,500-8,000 ppm in ash; Turner et
al. 1997); no basis for their conclusion was given.

In the second study, Boros et al. (1998) compared the effects of fluoride
at 10 mg/L in drinking water for 3 weeks on young female rats (Charles
River, Wistar), either normal (nondiabetic) or with streptozotocin-induced,
untreated diabetes. An additional group of normal rats was given an amount
of fluoride in drinking water corresponding to the fluoride intake by the
diabetic rats (up to about 3 mg/day per rat). Both feed and water consump-
tion increased significantly in the diabetic rats (with and without fluoridated
water); water consumption was significantly higher in the diabetic rats on
fluoridated water than in those on nonfluoridated water. Fasting blood
glucose concentrations were increased significantly in both diabetic groups,
but more so in the group on fluoridated water. Fluoride treatment of non-
diabetic animals did not cause any significant alteration in blood glucose
concentrations. Plasma fluoride was higher, and bone fluoride was lower,
in diabetic than in nondiabetic animals given the same amount of fluoride,
indicating lower deposition of fluoride into bone and lower renal clearance
of fluoride in the diabetic animals. The increased kidney weight found in
diabetic animals on nonfluoridated water was not seen in the fluoride-
treated diabetic animals. Additional biochemical and hormonal parameters
were not measured.

In contrast to the Zucker fatty diabetic rats in the study by Dunipace
et al. (1996), the streptozotocin-induced diabetic rats in this study (Boros
et al., 1998) provide an animal model considered representative of Type I
(insulin-dependent) diabetes mellitus in humans. In these rats, the general
severity of the diabetes (blood glucose concentrations, kidney function,
weight loss) was worse in animals given fluoride at 10 mg/L in their drink-
ing water. In both types of diabetic rats, fluoride intake was very high
because of the several-fold increase in water consumption, and correspond-
ing plasma, soft tissue, and bone fluoride concentrations were elevated
accordingly. Thus, any health effects related to plasma or bone fluoride
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concentrations, for example, would be expected to occur in animals or
humans with uncontrolled (or inadequately controlled) diabetes at lower
fluoride concentrations in drinking water than for nondiabetics, because of
the elevated water intakes. In addition, the results reported by Boros et al.
(1998) suggested that, for some situations (e.g., diabetes in which kidney
function is compromised), the severity of the diabetes could be increased
with increasing fluoride exposure.

Animal Studies (Normal Animals)

Turner et al. (1997) reported a 17% increase in serum glucose in female
rabbits given fluoride in drinking water at 100 mg/L for 6 months. IGF-1
was also significantly increased (40%) in these rabbits, but other regulators
of serum glucose, such as insulin, were not measured. The authors suggested
that IGF-1 concentrations might have changed in response to changes in
serum glucose concentrations. Dunipace et al. (1995, 1998) found no sig-
nificant differences with chronic fluoride treatment in mean blood glucose
concentrations in rats; specific data by treatment group were not reported,
and parameters such as insulin and IGF-1 were not measured.

Suketa et al. (1985) and Grucka-Mamczar et al. (2005) have reported
increases in blood glucose concentrations following intraperitoneal injec-
tions of NaF; Suketa et al. (1985) attributed these increases to fluoride
stimulation of adrenal function. Rigalli et al. (1990, 1992, 1995), in experi-
ments with rats, reported decreases in insulin, increases in plasma glucose,
and disturbance of glucose tolerance associated with increased plasma
fluoride concentrations. The effect of high plasma fluoride (0.1-0.3 mg/L)
appeared to be transient, and the decreased response to a glucose chal-
lenge occurred only when fluoride was administered before (as opposed
to together with or immediately after) the glucose administration (Rigalli
et al. 1990). In chronic exposures, effects on glucose metabolism occurred
when plasma fluoride concentrations exceeded 0.1 mg/L (5 pmol/L) (Rigalli
et al. 1992, 1995). The in vivo effect appeared to be one of inhibition of
insulin secretion rather than one of insulin-receptor interaction (Rigalli et
al. 1990). Insulin secretion (both basal and glucose-stimulated) by isolated
islets of Langerhans in vitro was also inhibited as a function of fluoride con-
centrations (Rigalli et al. 1990, 1995). Rigalli et al. (1990) pointed out that
recommended plasma fluoride concentrations for treatment of osteoporosis
are similar to those shown to affect insulin secretion.

Human Studies

Jackson et al. (1994) reported no differences in mean fasting blood glu-
cose concentrations between osteoporosis patients treated with fluoride and
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untreated controls, although 3 of 25 treated individuals had values outside
the normal range (versus 1 of 38 controls). No significant differences were
found between groups of older adults with different fluoride concentrations
in drinking water in studies in China (Li et al. 19935; subjects described as
“healthy” adults) and the United States (Jackson et al. 1997), and all mean
values were within normal ranges.'® Glucose tolerance tests were not con-
ducted in these studies.

Trivedi et al. (1993) reported impaired glucose tolerance in 40% of
young adults with endemic fluorosis, with fasting serum glucose concen-
trations related to serum fluoride concentrations; the impaired glucose
tolerance was reversed after 6 months of drinking water with “acceptable”
fluoride concentrations (<1 mg/L). It is not clear whether individuals with
elevated serum fluoride and impaired glucose tolerance had the highest
fluoride intakes of the group with endemic fluorosis or a greater suscepti-
bility than the others to the effects of fluoride. For all 25 endemic fluorosis
patients examined, a significant positive correlation between serum fluoride
and fasting serum immunoreactive insulin (IRI) was observed, along with a
significant negative correlation between serum fluoride and fasting glucose/
insulin ratio (Trivedi et al. 1993).

The finding of increased IRI contrasts with findings of decreased insulin
in humans after exposure to fluoride (Rigalli et al. 1990; de la Sota et al.
1997) and inhibition of insulin secretion by rats, both in vivo and in vitro
(Rigalli et al. 1990, 1995). However, the assay for IRI used by Trivedi et al.
(1993) could not distinguish between insulin and proinsulin, and the authors
suggested that the observed increases in both IRI and serum glucose indicate
either biologically inactive insulin—perhaps elevated proinsulin—or insulin
resistance. Inhibition of one of the prohormone convertases (the enzymes
that convert proinsulin to insulin) would result in both elevated proinsulin
secretion and increased blood glucose concentrations and would be consis-
tent with the decreased insulin secretion reported by Rigalli et al. (1990,
1995) and de la Sota et al. (1997). Although Turner et al. (1997) suggested
fluoride inhibition of insulin-receptor activity as a mechanism for increased
blood glucose concentrations, Rigalli et al. (1990) found no difference in
response to exogenous insulin in fluoride-treated versus control rats, consis-
tent with no interference of fluoride with the insulin-receptor interaction.

Discussion (Other Endocrine Function)

More than one mechanism for diabetes or impaired glucose tolerance
exists in humans, and a variety of responses to fluoride are in keeping with

1%In the study by Jackson et al. (1997), samples were nonfasting; in the study by Li et al.
(1993), it is not clear whether samples were fasting or nonfasting.
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variability among strains of experimental animals and among the human
population. The conclusion from the available studies is that sufficient fluo-
ride exposure appears to bring about increases in blood glucose or impaired
glucose tolerance in some individuals and to increase the severity of some
types of diabetes. In general, impaired glucose metabolism appears to be
associated with serum or plasma fluoride concentrations of about 0.1 mg/L
or greater in both animals and humans (Rigalli et al. 1990, 1995; Trivedi
et al. 1993; de al Sota et al. 1997). In addition, diabetic individuals will
often have higher than normal water intake, and consequently, will have
higher than normal fluoride intake for a given concentration of fluoride in
drinking water. An estimated 16-20 million people in the United States have
diabetes mellitus (Brownlee et al. 2002; Buse et al. 2002; American Diabetes
Association 2004; Chapter 2); therefore, any role of fluoride exposure in
the development of impaired glucose metabolism or diabetes is potentially
significant.

SUMMARY

The major endocrine effects of fluoride exposures reported in humans
include elevated TSH with altered concentrations of T3 and T4, increased
calcitonin activity, increased PTH activity, secondary hyperparathyroid-
ism, impaired glucose tolerance, and possible effects on timing of sexual
maturity; similar effects have been reported in experimental animals. These
effects are summarized in Tables 8-1 and 8-2, together with the approximate
intakes or physiological fluoride concentrations that have been typically as-
sociated with them thus far. Table 8-2 shows that several of the effects are
associated with average or typical fluoride intakes of 0.05-0.1 mg/kg/day
(0.03 with iodine deficiency), others with intakes of 0.15 mg/kg/day or
higher. A comparison with Chapter 2 (Tables 2-13, 2-14, and 2-15) will
show that the 0.03-0.1 mg/kg/day range will be reached by persons with
average exposures at fluoride concentrations of 1-4 mg/L in drinking water,
especially the children. The highest intakes (>0.1 mg/kg/d) will be reached
by some individuals with high water intakes at 1 mg/L and by many or most
individuals with high water intakes at 4 mg/L, as well as by young children
with average exposures at 2 or 4 mg/L.

Most of the studies cited in this chapter were designed to ascertain
whether certain effects occurred (or in cases of skeletal fluorosis, to see what
endocrine disturbances might be associated), not to determine the lowest
exposures at which they do occur or could occur. Estimates of exposure
listed in these tables and in Appendix E are, in most cases, estimates of aver-
age values for groups based on assumptions about body weight and water
intake. Thus, individual responses could occur at lower or higher exposures
than those listed. Although the comparisons are incomplete, similar effects
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TABLE 8-1 Summary of Major Observed Endocrine Effects of
Fluoride in Experimental Animals, with Typical Associated Intakes and
Physiological Fluoride Concentrations

Fluoride Fluoride
Fluoride in Serum  Fluoride in Bone,
Intake, or Plasma, in Urine, ppm in
End Point mg/kg/day mg/L mg/L ash Key References
Altered thyroid 3-6 (lower NA“ >6 >2,400  Stolc and Podoba
function (altered with (possibly 1960; Bobek et al.
T4 and T3 iodine >2-3) 1976; Hillman et
concentrations) deficiency) al. 1979; Guan et
al. 1988; Zhao et
al. 1998; Cinar and
Selcuk 2005
Altered calcitonin 2 NA NA 3,200-  Rantanen et al. 1972
activity 3,500°
Altered melatonin 3.7 NA NA 2,800 Luke 1997
production; altered
timing of sexual
maturity
Inhibited 5.4 NA NA NA Rosenquist et al.
parathyroid function 1983
Increased serum 7-10.5 0.1-0.7¢4  NA >1,000  Rigalli et al. 1990,
glucose; increased 1992, 1995; Turner
severity of diabetes et al. 1997; Boros et
al. 1998
Increased 9-10 >0.2¢ NA 2,700-  Faccini and Care
parathyroid 3,200 1965; Chavassieux et
hormone al. 1991
concentrations,
secondary
hyperparathyroidism
“Not available.
bppm.
‘Serum.
dPlasma.

are seen in humans at much lower fluoride intakes (or lower water fluoride
concentrations) than in rats or mice, but at similar fluoride concentrations
in blood and urine. This is in keeping with the different pharmacokinetic
behavior of fluoride in rodents and in humans (Chapter 3) and with the
variability in intake, especially for humans.
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TABLE 8-2 Summary of Major Observed Endocrine Effects of Fluoride
in Humans, with Typical Associated Intakes and Physiological Fluoride

Concentrations
Fluoride
Fluoride in Serum  Fluoride
Intake, or Plasma, in Urine,
End Point mg/kg/day? mg/L mg/L Key References
Altered thyroid 0.05-0.1 >0.254 2.4 Bachinskii et al. 1985; Lin et
function (altered (0.03 with al. 1991; Yang et al. 1994;
T4 and/or T3 iodine Michael et al. 1996; Susheela
concentrations) deficiency) et al. 2005
Elevated TSH 0.05-0.1 >(.25 >2 Bachinskii et al. 1985; Lin et
concentrations (0.03 with al. 1991; Yang et al. 1994;
iodine Susheela et al. 2005
deficiency)
Elevated calcitonin 0.06-0.87  0.11-0.26” 2.2-18.5 Teotia et al. 1978
concentrations mg/day
Goiter prevalence >  0.07-0.13  NA¢ NA Day and Powell-Jackson 1972;
20% (=0.01 Desai et al. 1993; Jooste et al.
with 1999
iodine
deficiency)
Impaired glucose 0.07-0.4 0.084 2-8 Rigalli et al. 1990, 1995;
tolerance in some 0.1-0.3% Trivedi et al. 1993; de la Sota
individuals 1997
Increased 0.15-0.87  0.14-0.45% 3-18.5 Juncos and Donadio 1972;
parathyroid hormone mg/day  Teotia and Teotia 1973; Larsen
concentrations, et al. 1978; Teotia et al. 1978;
secondary Duursma et al. 1987; Dandona
hyperparathyroidism, et al. 1988; Stamp et al. 1988,

in some individuals

1990; Pettifor et al. 1989;
Srivastava et al. 1989; Dure-
Smith et al. 1996; Gupta et al.
2001

4Serum.
bPlasma.
“Not available.

Thyroid Function

Fluoride exposure in humans is associated with elevated TSH concentra-
tions, increased goiter prevalence, and altered T4 and T3 concentrations;
similar effects on T4 and T3 are reported in experimental animals, but TSH
has not been measured in most studies. In animals, effects on thyroid func-
tion have been reported at fluoride doses of 3-6 mg/kg/day (some effects at
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0.4-0.6 mg/kg/day) when iodine intake was adequate (Table 8-1); effects on
thyroid function were more severe or occurred at lower doses when iodine
intake was inadequate. In humans, effects on thyroid function were associ-
ated with fluoride exposures of 0.05-0.13 mg/kg/day when iodine intake
was adequate and 0.01-0.03 mg/kg/day when iodine intake was inadequate
(Table 8-2).

Several sets of results are consistent with inhibition of deiodinase
activity, but other mechanisms of action are also possible, and more than
one might be operative in a given situation. In many cases, mean hormone
concentrations for groups are within normal limits, but individuals may
have clinically important situations. In particular, the inverse correlation
between asymptomatic hypothyroidism in pregnant mothers and the IQ of
the offspring (Klein et al. 2001) is a cause for concern. The recent decline
in iodine intake in the United States (CDC 2002d; Larsen et al. 2002) could
contribute to increased toxicity of fluoride for some individuals.

Thyroid Parafollicular Cell Function

Only one study has reported calcitonin concentrations in fluoride-ex-
posed individuals. This study found elevated calcitonin in all patients with
fluoride exposures above about 0.15 mg/kg/day and in one patient with a
current intake of approximately 0.06 mg/kg/day (Table 8-2); these exposures
corresponded to plasma fluoride concentrations of 0.11-0.26 mg/L. Results
attributed to altered calcitonin activity have also been found in experimental
animals at a fluoride exposure of 2 mg/kg/day (Table 8-1). It is not clear
whether elevated calcitonin is a direct or indirect result of fluoride exposure,
nor is it clear what the clinical significance of elevated calcitonin concentra-
tions might be in individuals.

Parathyroid Function

In humans, depending on the calcium intake, elevated concentrations of
PTH are routinely found at fluoride exposures of 0.4-0.6 mg/kg/day and at
exposures as low as 0.15 mg/kg/day in some individuals (Table 8-2). Similar
effects and exposures have been found in a variety of human studies; these
studies indicate that elevated PTH and secondary hyperparathyroidism oc-
cur at fluoride intakes higher than those associated with other endocrine
effects. In the single study that measured both calcitonin and PTH, all
individuals with elevated PTH also had elevated calcitonin, and several in-
dividuals had elevated calcitonin without elevated PTH (Teotia et al. 1978).
Elevated concentrations of PTH and secondary hyperparathyroidism have
also been reported at fluoride intakes of 9-10 mg/kg/day (and as low as
0.45-2.3 mg/kg/day in one study) in experimental animals (Table 8-1). One
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animal study found what appears to be inhibition of the normal parathyroid
response to calcium deficiency at a fluoride intake of 5.4 mg/kg/day.

As with calcitonin, it is not clear whether altered parathyroid function
is a direct or indirect result of fluoride exposure. An indirect effect of fluo-
ride by causing an increased requirement for calcium is probable, but direct
effects could occur as well. Also, although most individuals with skeletal
fluorosis appear to have elevated PTH, it is not clear whether parathyroid
function is affected before development of skeletal fluorosis or at lower
concentrations of fluoride exposure than those associated with skeletal
fluorosis. Recent U.S. reports of nutritional (calcium-deficiency) rickets as-
sociated with elevated PTH (DeLucia et al. 2003) suggest the possibility that
fluoride exposure, together with increasingly calcium-deficient diets, could
have an adverse impact on the health of some individuals.

Pineal Function

The single animal study of pineal function indicates that fluoride ex-
posure results in altered melatonin production and altered timing of sexual
maturity (Table 8-1). Whether fluoride affects pineal function in humans
remains to be demonstrated. The two studies of menarcheal age in humans
show the possibility of earlier menarche in some individuals exposed to
fluoride, but no definitive statement can be made. Recent information on
the role of the pineal organ in humans suggests that any agent that affects
pineal function could affect human health in a variety of ways, including
effects on sexual maturation, calcium metabolism, parathyroid function,
postmenopausal osteoporosis, cancer, and psychiatric disease.

Glucose Metabolism

Increased serum glucose and increased severity of existing diabetes have
been reported in animal studies at fluoride intakes of 7-10.5 mg/kg/day
(Table 8-1). Impaired glucose tolerance in humans has been reported in
separate studies at fluoride intakes of 0.07-0.4 mg/kg/day, corresponding to
serum fluoride concentrations above about 0.1 mg/L. The primary mecha-
nism appears to involve inhibition of insulin production.

General Considerations

The available studies of the effects of fluoride exposure on endocrine
function have several limitations. In particular, many studies did not mea-
sure actual hormone concentrations, several studies did not report nutri-
tional status (e.g., iodine or calcium intake), and, for thyroid function, other
possible goitrogenic factors have not been ruled out. Most studies have too
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few exposure groups, with, for example, the “high”-fluoride group in one
study having lower concentrations of fluoride in drinking water than the
“normal”-fluoride group in another study. In general, the human exposures
are not well characterized. Nevertheless, there is consistency among the
available studies in the types of effects seen in humans and animals and
in the concentrations or fluoride exposures associated with the effects in
humans.

For all the endocrine effects reported to occur from fluoride exposure,
the variability in exposure and response among populations (or strains of an
experimental animal) or within a human population requires further atten-
tion. For example, correlations between the fluoride intake or the presence
or degree of fluorosis and the presence (or prevalence) or severity of other
effects generally have not been examined on an individual basis, which could
permit identification of individual differences in susceptibility or response.
Several reports have identified subgroups within an exposed population or
group, in terms of the response observed, even when group means are not
statistically different.

Variability in response to fluoride exposures could be due to differ-
ences in genetic background, age, sex, nutrient intake (e.g., calcium, iodine,
selenium), general dietary status, or other factors. Intake of nutrients such
as calcium and iodine often is not reported in studies of fluoride effects.
The effects of fluoride on thyroid function, for instance, might depend on
whether iodine intake is low, adequate, or high, or whether dietary selenium
is adequate. Dietary calcium affects the absorption of fluoride (Chapter 3);
in addition, fluoride causes an increase in the dietary requirements for cal-
cium, and insufficient calcium intake increases fluoride toxicity. Available
information now indicates a role for aluminum in the interaction of fluoride
on the second messenger system; thus, differences in aluminum exposure
might explain some of the differences in response to fluoride exposures
among individuals and populations.

The clinical significance of fluoride-related endocrine effects requires
further attention. For example, most studies have not mentioned the clinical
significance for individuals of hormone values out of the normal range, and
some studies have been limited to consideration of “healthy” individuals. As
discussed in the various sections of this chapter, recent work on borderline
hormonal imbalances and endocrine-disrupting chemicals indicates that
significant adverse health effects, or an increased risk for development of
clearly adverse health outcomes, could be associated with seemingly mild
imbalances or perturbations in hormone concentrations (Brucker-Davis et
al. 2001). In addition, the different endocrine organs do not function en-
tirely separately: thyroid effects (especially elevated TSH) may be associated
with parathyroid effects (Stoffer et al. 1982; Paloyan Walker et al. 1997),
and glucose metabolism may be affected by thyroid or parathyroid status
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(e.g., McCarty and Thomas 2003; Procopio and Borretta 2003; Cettour-
Rose et al. 2005). Adverse effects in individuals might occur when hormone
concentrations are still in the normal ranges for a population but are low or
high for that individual (Brucker-Davis et al. 2001; Belchetz and Hammond
2003). Some investigators suggest that endocrine-disrupting chemicals could
be associated with nonmonotonic dose-response curves (e.g., U-shaped or
inverted-U-shaped curves resulting from the superimposition of multiple
dose-response curves) and that a threshold for effects cannot be assumed
(Bigsby et al. 1999; Brucker-Davis et al. 2001).

In summary, evidence of several types indicates that fluoride affects
normal endocrine function or response; the effects of the fluoride-induced
changes vary in degree and kind in different individuals. Fluoride is there-
fore an endocrine disruptor in the broad sense of altering normal endocrine
function or response, although probably not in the sense of mimicking a
normal hormone. The mechanisms of action remain to be worked out and
appear to include both direct and indirect mechanisms, for example, direct
stimulation or inhibition of hormone secretion by interference with second
messenger function, indirect stimulation or inhibition of hormone secretion
by effects on things such as calcium balance, and inhibition of peripheral
enzymes that are necessary for activation of the normal hormone.

RECOMMENDATIONS

e Further effort is necessary to characterize the direct and indirect
mechanisms of fluoride’s action on the endocrine system and the factors
that determine the response, if any, in a given individual. Such studies would
address the following;:

— the in vivo effects of fluoride on second messenger function

— the in vivo effects of fluoride on various enzymes

— the integration of the endocrine system (both internally and with
other systems such as the neurological system)

— identification of those factors, endogenous (e.g., age, sex, genetic
factors, or preexisting disease) or exogenous (e.g., dietary calcium or iodine
concentrations, malnutrition), associated with increased likelihood of effects
of fluoride exposures in individuals

— consideration of the impact of multiple contaminants (e.g., fluo-
ride and perchlorate) that affect the same endocrine system or mechanism

— examination of effects at several time points in the same individu-
als to identify any transient, reversible, or adaptive responses to fluoride
exposure.

e Better characterization of exposure to fluoride is needed in epidemiol-
ogy studies investigating potential endocrine effects of fluoride. Important
exposure aspects of such studies would include the following;:
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— collecting data on general dietary status and dietary factors that
could influence the response, such as calcium, iodine, selenium, and alumi-
num intakes

— characterizing and grouping individuals by estimated (total) ex-
posure, rather than by source of exposure, location of residence, fluoride
concentration in drinking water, or other surrogates

— reporting intakes or exposures with and without normalization for
body weight (e.g., mg/day and mg/kg/day), to reduce some of the uncertainty
associated with comparisons of separate studies

— addressing uncertainties associated with exposure and response,
including uncertainties in measurements of fluoride concentrations in
bodily fluids and tissues and uncertainties in responses (e.g., hormone
concentrations)

— reporting data in terms of individual correlations between intake
and effect, differences in subgroups, and differences in percentages of indi-
viduals showing an effect and not just differences in group or population
means.

— examining a range of exposures, with normal or control groups
having very low fluoride exposures (below those associated with 1 mg/L in
drinking water for humans).

e The effects of fluoride on various aspects of endocrine function
should be examined further, particularly with respect to a possible role in
the development of several diseases or mental states in the United States.
Major areas for investigation include the following:

— thyroid disease (especially in light of decreasing iodine intake by
the U.S. population);

— nutritional (calcium deficiency) rickets;

— calcium metabolism (including measurements of both calcitonin
and PTH);

— pineal function (including, but not limited to, melatonin produc-
tion); and

— development of glucose intolerance and diabetes.
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Effects on the Gastrointestinal, Renal,
Hepatic, and Immune Systems

This chapter evaluates the effects of fluoride on the gastrointestinal sys-
tem (GI), the kidney, the liver, and the immune system, focusing primarily
on new data that have been generated since the earlier NRC (1993) review.
Studies that involved exposures to fluoride in the range of 2-4 milligrams per
liter (mg/L) are emphasized, so that the safety of the maximum-contaminant-
level goal (MCLG) can be evaluated.

GI SYSTEM

Fluoride occurs in drinking water primarily as free fluoride. When
ingested some fluorides combine with hydrogen ions to form hydrogen
fluoride (HF), depending on the pH of the contents of the stomach (2.4%
HF at pH 5; 96% HF at pH 2). HF easily crosses the gastric epithelium,
and is the major form in which fluoride is absorbed from the stomach (see
Chapter 3). Upon entering the interstitial fluid in the mucosa where the pH
approaches neutrality, HF dissociates to release fluoride and hydrogen ions
which can cause tissue damage. Whether damage occurs depends on the
concentrations of these ions in the tissue. It appears that an HF concentra-
tion somewhere between 1.0 and 5.0 mmol/L (20 and 100 mg/L), applied
to the stomach mucosa for at least 15 minutes, is the threshold for effects
on the function and structure of the tissue (Whitford et al. 1997). Reported
GI symptoms, such as nausea, may not be accompanied by visible damage
to the gastric mucosa. Thus, the threshold for adverse effects (discomfort)
is likely to be lower than that proposed by Whitford et al. This review is
concerned primarily with the chronic ingestion of fluoride in drinking wa-
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ter containing fluoride at 2-4 mg/L. Single high doses of ingested fluoride
are known to elicit acute GI symptoms, such as nausea and vomiting, but
whether chronic exposure to drinking water with fluoride at 4 mg/L can
elicit the same symptoms has not been documented well.

The primary symptoms of GI injury are nausea, vomiting, and abdomi-
nal pain (see Table 9-1). Such symptoms have been reported in case studies
(Waldbott 1956; Petraborg 1977) and in a clinical study involving double-
blind tests on subjects drinking water artificially fluoridated at 1.0 mg/L
(Grimbergen 1974). In the clinical study, subjects were selected whose GI
symptoms appeared with the consumption of fluoridated water and disap-
peared when they switched to nonfluoridated water. A pharmacist prepared
solutions of sodium fluoride (NaF) and sodium silicofluoride (Na,SiF,) so
that the final fluoride ion concentrations were 1.0 mg/L. Eight bottles of
water were prepared with either fluoridated water or distilled water. Patients
were instructed to use one bottle at a time for 2 weeks. They were asked
to record their symptoms throughout the study period. Neither patients
nor the physician administering the water knew which water samples were
fluoridated until after the experiments were completed. The fluoridation
chemicals added to the water at the time of the experiments were likely the
best candidates to produce these symptoms. Despite those well-documented
case reports, the authors did not estimate what percentage of the population
might have GI problems. The authors could have been examining a group
of patients whose GI tracts were particularly hypersensitive. The possibil-
ity that a small percentage of the population reacts systemically to fluoride,
perhaps through changes in the immune system, cannot be ruled out (see
section on the immune system later in this chapter).

Perhaps it is safe to say that less than 1% of the population complains
of GI symptoms after fluoridation is initiated (Feltman and Kosel 1961).
The numerous fluoridation studies in the past failed to rigorously test
for changes in GI symptoms and there are no studies on drinking water
containing fluoride at 4 mg/L in which GI symptoms were carefully docu-
mented. Nevertheless, there are reports of areas in the United States where
the drinking water contains fluoride at concentrations greater than 4 mg/L
and as much as 8 mg/L (Leone et al. 1955b). Symptoms of GI distress or
discomfort were not reported. In the United Kingdom, where tea drinking
is more common, people can consume up to 9 mg of fluoride a day (Jenkins
1991). GI symptoms were not reported in the tea drinkers. The absence of
symptoms might be related to the hardness of the water, which is high in
some areas of the United Kingdom. Jenkins (1991) reported finding unex-
pectedly high concentrations of fluoride (as high as 14 mg/L) in soft water
compared with hard water when boiled. In contrast, in India, where endemic
fluorosis is well documented, severe GI symptoms are common (Gupta et al.
1992; Susheela et al. 1993; Dasarathy et al. 1996). One cannot rule out the
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influence of poor nutrition (the absence of dietary calcium in the stomach)
contributing to the GI upset from fluoride ingestion. Chronic ingestion of
drinking water rich in fluoride on an empty stomach is more likely to elicit
symptoms.

GI Symptoms Relating to the Concentration of Fluoride Intake

It is important to realize that GI effects depend more on the net concen-
tration of the aqueous solution of fluoride in the stomach than on the total
fluoride dose in the fluid or solid ingested. The presence of gastric fluids
already in the stomach when the fluoride is ingested can affect the concen-
tration of the fluoride to which the gut epithelium is exposed. The residual
volume of stomach fluid ranges between 15 and 30 mL in people fasting
overnight (Narchi et al. 1993; Naguib et al. 2001; Chang et al. 2004). Such
volumes would decrease the fluoride concentration of a glass of drinking
water by only about 10%. In Table 9-1, the concentrations of fluoride in
the stomach were estimated from the mean reported fluoride exposures.
A dilution factor was used when it was clear that the subjects already had
fluid in their stomach. The results from the water fluoridation overfeed re-
ports (concentrations of fluoride in the stomach between 20 and 250 mg/L)
indicate that GI symptoms, such as nausea and vomiting, are common side
effects from exposure to high concentrations of fluoride.

Fluoride supplements are still routinely used today in areas where natu-
ral fluoride in the drinking water falls below 0.7 mg/L. In an early clinical
trial using fluoride supplements, Feltman and Kosel (1961) administered
fluoride tablets containing 1.2 mg of fluoride or placebo tablets to pregnant
mothers and children up to 9 years of age. They determined that about 1%
of the subjects complained of GI symptoms from the fluoride ingredient in
the test tablets. If it is assumed that the stomach fluid volume after taking
the fluoride supplement was approximately 250 mL, the concentration to
which the stomach mucosal lining was exposed was in the neighborhood
of 5 mg/L. GI effects appear to have been rarely evaluated in the fluoride
supplement studies that followed the early ones in the 1950s and 1960s.
Table 9-1 suggests that, as the fluoride concentration increases in drinking
water, the percentage of the population with GI symptoms also increases.
The table suggests that fluoride at 4 mg/L in the drinking water results in
approximately 1% of the population experiencing GI symptoms (see Felt-
man and Kosel 1961).

Chronic Moderate Dose Ingestion of Fluoride

It is clear from the fluoride and osteoporosis clinical trial literature (also
see Chapter 5) that gastric side effects were common in these studies (e.g.,
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Mamelle et al. 1988; Hodsman and Drost 1989; Kleerekoper and Mend-
lovic 1993). Slow-release fluorides and calcium supplementation helped to
reduce GI side effects (Kleerekoper and Mendlovic 1993; Das et al. 1994;
Haguenauer et al. 2000). In areas of endemic fluorosis, such as parts of
India, most subjects suffer from GI damage and adverse GI symptoms
(Gupta et al. 1992; Susheela et al. 1993; Dasarathy et al. 1996). In one study
(Susheela et al. 1993), every fourth person exposed to fluoride in drinking
water (<1 to 8 mg/L) reported adverse GI symptoms. The results from these
studies cannot be compared with the water fluoridation studies summarized
in Table 9-1, because in the osteoporosis trials fluoride was nearly always
administered as enteric coated tablets along with calcium supplements and
the nutrition status of populations in endemic fluorosis areas is different
from that in the United States.

Fluoride Injury Mechanisms in the GI Tract

Because 1% of the population is likely to experience GI symptoms, and
GI symptoms are common in areas of endemic fluorosis, especially where
there is poor nutrition (Gupta et al. 1992; Susheela et al. 1993; Dasarathy
et al. 1996), it is important to understand the biological and physiological
pathways for the effects of fluoride on the GI system. Those mechanisms
have been investigated in many animal studies. In those studies, the concen-
trations of fluoride used were generally 100- to 1,000-fold higher than what
occurs in the serum of subjects drinking fluoridated water. Although some
tissues encounter enormous elevations in fluoride concentrations relative to
the serum (e.g., kidney, bone), it is unlikely that the gut epithelium would
be exposed to millimolar concentrations of fluoride unless there has been
ingestion of large doses of fluoride from acute fluoride poisoning. During
the ingestion of a large acute dose of fluoride such as fluoride-rich oral care
products, contaminated drinking water during fluoridation accidents, and
fluoride drugs for the treatment of osteoporosis, the consumption of large
amounts of drinking water containing fluoride at 4 mg/L would serve only
to aggravate the GI symptoms. Animal studies (see Table 9-2) have provided
some important information on the mechanisms involved in GI toxicity
from fluoride. Fluoride can stimulate secretion of acid in the stomach (As-
sem and Wan 1982; Shayiq et al. 1984), reduce blood flow away from the
stomach lining, dilate blood vessels, increase redness of the stomach lining
(Fujii and Tamura 1989; Whitford et al. 1997), and cause cell death and
desquamation of the GI tract epithelium (Easmann et al. 1984; Pashley et
al. 1984; Susheela and Das 1988; Kertesz et al. 1989; NTP 1990; Shashi
2002).

Because fluoride is a known inhibitor of several metabolic intracel-
lular enzymes, it is not surprising that, at very high exposures, there is cell
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death and desquamation of the GI gut epithelium wall. The mechanisms
involved in altering secretion remain unknown but are likely the result of
fluoride’s ability to activate guanine nucleotide regulatory proteins (G pro-
teins) (Nakano et al. 1990; Eto et al. 1996; Myers et al. 1997). Whether
fluoride activates G proteins in the gut epithelium at very low doses (e.g.,
from fluoridated water at 4.0 mg/L) and has significant effects on the gut
cell chemistry must be examined in biochemical studies.

THE RENAL SYSTEM

The kidney is the organ responsible for excreting most of the fluoride.
It is exposed to concentrations of fluoride about five times higher than in
other organs, as the tissue/plasma ratio for the kidney is approximately 5 to
1, at least in the rat (Whitford 1996). Kidneys in humans may be exposed
to lower fluoride concentrations than in rats. Human kidneys, nevertheless,
have to concentrate fluoride as much as 50-fold from plasma to urine. Por-
tions of the renal system may therefore be at higher risk of fluoride toxicity
than most soft tissues. In this section, three aspects of kidney function are
discussed in the context of fluoride toxicity. First, can long-term ingestion of
fluoride in drinking water at 4 mg/L contribute to the formation of kidney
stones? Second, what are the mechanisms of fluoride toxicity on renal tis-
sues and function? And third, what special considerations have to be made
in terms of residents who already have kidney failure and who are living in
communities with fluoride at 4 mg/L in their drinking water?

Does Fluoride in Drinking Water Contribute to Kidney Stones?

Early water fluoridation studies did not carefully assess changes in renal
function. It has long been suspected that fluoride, even at concentrations
below 1.2 mg/L in drinking water, over the years can increase the risk for re-
nal calculi (kidney stones). Research on this topic, on humans and animals,
has been sparse, and the direction of the influence of fluoride (promotion
or prevention of kidney stones) has been mixed (Table 9-3; Juuti and Hei-
nonen 1980; Teotia et al. 1991; Li et al. 1992; Shashi et al. 2002). Singh et
al. (2001) carried out an extensive examination of more than 18,700 people
living in India where fluoride concentrations in the drinking water ranged
from 3.5 to 4.9 mg/L. Patients were interviewed for a history of urolithiasis
(kidney stone formation) and examined for symptoms of skeletal fluorosis,
and various urine and blood tests were conducted. The patients with clear
signs and symptoms of skeletal fluorosis were 4.6 times more likely to de-
velop kidney stones. Because the subjects of this study were likely at greater
risk of kidney stone formation because of malnutrition, similar research
should be conducted in North America in areas with fluoride at 4 mg/L
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in the drinking water. It is possible that the high incidence of uroliths is
related to the high incidence of skeletal fluorosis, a disorder that has not
been studied extensively in North America. If fluoride in drinking water is
a risk factor for kidney stones, future studies should be directed toward
determining whether kidney stone formation is the most sensitive end point
on which to base the MCLG.

Mechanisms of Fluoride Toxicity on Kidney Tissue and Function

Fluoride in acute and chronic doses can dramatically affect the kidney,
but, again, it is the dose that is important. People living in fluoridated areas
(at 1.0 mg/L) drinking 1.0 L of water a day will consume 1 mg of fluoride
a day (less than 0.014 mg/kg for the average 70-kg person). There are no
published studies that show that fluoride ingestion on a chronic basis at
that concentration can affect the kidney. However, people living in an area
where the drinking water contains fluoride at 4 mg/L who consume 2-3 L
of water per day will ingest as much as 12 mg fluoride per day on a chronic
basis (see Chapter 2). On the basis of studies carried out on people living
in regions where there is endemic fluorosis, ingestion of fluoride at 12 mg
per day would increase the risk for some people to develop adverse renal
effects (Singh et al. 2001).

Humans can be exposed to even higher acute doses of fluoride either un-
intentionally (water fluoridation accidents, hemodialysis accidents, acciden-
tal poisoning) or intentionally, such as from fluorinated general anesthetics.
Administration of certain halothane anesthetics, which are defluorinated by
the liver, can result in serum fluoride concentrations that are 50-fold higher
than normal, and those concentrations are maintained during surgery and
well afterward (see Table 9-3 and Chapter 2). These concentrations of fluo-
ride in the serum have been associated with nephrotoxicity, but most of the
symptoms resolve after surgery when fluoride concentrations are allowed to
decline. Although it is unlikely that consuming fluoridated drinking water
could lead to such high serum fluoride concentrations, one has to consider
that subjects who already have impaired kidney function and are unable to
excrete fluoride efficiently will retain more fluoride. At this time, there are
no studies to distinguish between adverse effects produced by fluoride and
the defluorinated metabolites of fluorinated general anesthetics. Therefore,
it is plausible that the defluorinated metabolites are responsible for some,
most, or even all of the side effects on the kidneys.

Animal studies have helped in determining just how the kidney re-
sponds to high doses of fluoride. Borke and Whitford (1999) showed that
ATP-dependent calcium uptake in rat kidneys was significantly affected by
exposures equivalent to that of patients undergoing hemodialysis. Cittanova
etal. (2002) showed that high concentrations of fluoride affected the ATPase
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TABLE 9-3 Renal Effects of Fluoride

Species

Study

Findings

Renal Stone Formation

Human

Human

Human

Rat

Incidence of renal
stones in Finnish
hospital districts with
different concentrations
of fluoride in drinking
water, in a fluoridated
community, and a
nonfluoridated city.

20 children with vesical
stones were evaluated
for fluoride intake and
content of renal stones.

18,706 tribal people
from fluoride endemic
and nonendemic areas
of India were evaluated
for history of renal
stones.

Effect of NaF on
ethylene glycol-induced
renal stone formation
in rats.

At fluoride concentrations of 1.5 mg/L or greater, the
standardized hospital admission rates for urolithiasis
was increased about one-sixth. No differences were
found with fluoride concentrations of <0.49 mg/L
and 0.50-1.49 mg/L. A separate comparison of a
fluoridated city (1 mg/L) and a referent city (<0.49
mg/L) found a 25% lower rate of urolithiasis in the
fluoridated city.

Mean fluoride intake was 2.5 = 0.8 mg in 24 hours.
Subjects had normal plasma and urinary excretion

of fluoride. No statistically significant difference in
fluoride content between the center and periphery of
the stones. Fluoride content was higher in stones with
calcium than in those with uric acid or ammonium
urate. Authors conclude that fluoride does not cause
initiation or growth of the nucleus of vesical stones.

In endemic areas, fluoride in drinking water was
3.5-4.9 mg/L. Prevalence of urolithiasis was 4.6 times
higher in the endemic area than in the nonendemic
area. In the endemic area, subjects with fluorosis had
nearly double the prevalence of urolithiasis compared
with those without fluorosis.

NaF reduced oxalate stone production.

Toxic Effects of Fluoride on Kidney Tissues and Function

Human

Renal function
evaluated in 50 patients
exposed by inhalation
to sevoflurane
compared with 25
controls exposed to
isoflurane.

Mean peak plasma fluoride was 29.3 = 1.8 pmol/L 2
hours after anesthesia and 18 pmol/L after 8 hours.
Five patients had peak concentrations of greater than
50 pmol/L. No lasting renal or hepatic functional
changes found.
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Proposed Mechanisms Comments Reference
Juuti and
Heinonen
1980
Fluoride’s role as a promoter of kidney Teotia
stones was ruled out but this is based et al.
on a small sample size. The authors did 1991
not study nephrolithiasis and excessive
chronic fluoride intake.
Lack of nutrition in the population Water fluoride concentration was at EPA’s  Singh
leads to increases in oxalate current MCLG, but malnutrition among et al.
excretion. Oxalate increases the study population probably made risk 2001
oxidative load, which increases for renal stones higher.
cellular damage where urinary
crystals have an opportunity to
grow. Fluoride contributes to
the oxidative load and passively
participates in renal crystal
formation.
NaF inhibition of induced renal Decreased urinary oxalate secretion might  Li et al.
stones appears to be due to its be a toxic effect on the kidneys. 1992
ability to decrease oxalate synthesis
and urinary oxalate excretion.
Frink
et al.
1992
continued
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TABLE 9-3 Continued

FLUORIDE IN DRINKING WATER

Species

Study

Findings

Human

Human
(in
vitro)

Human

Human

Human
(in
vitro)

Human

Renal damage
evaluated in 23 patients
exposed by inhalation
to sevoflurane
compared with 11
controls exposed to
isoflurane.

Immortalized ascending
duct cells of kidneys
were incubated with
0-100 mM fluoride.

Renal function
evaluated in 50 patients
exposed by inhalation
to sevoflurane.

Health survey of
residents of rural areas
in China exposed to
airborne fluoride from
combustion of coal.

Effects of fluoride on
renal acid phophatases
in the afferent
arterioles and in
glomeruli.

Renal function in
Chinese children (n
=210) exposed to
different concentrations
of fluoride in drinking
water. Subjects
stratified into 7 groups
(n = 30), including
controls. Comparisons
made between subjects
with “high fluoride
load” and enamel
fluorosis (details not
provided) in areas with
fluoride at <1.0, 1.0-
2.0, 2.0-3.0, and >3.0
mg/L.

8 patients had serum fluoride concentrations > 50
pmol/L. An inverse correlation was found between
peak fluoride concentration and maximal urinary
osmolality after the injection of vasopressin (r =
-0.42, P < 0.05). Increased urinary N-acetyl-B-
glucosaminidase excretion, but no lasting damage to
the kidney.

Fluoride decreased cell number by 23% (P < 0.05),
total protein content by 30% (P < 0.05), and
hydrogen-leucine incorporation by 43% (P < 0.05).
LDH release was increased by 236% (P < 0.05), with
a threshold of 5 mM. There was also a 58% reduction
in Na,K-ATPase activity at 5 mM (P < 0.05). Crystal
formations found in mitochondria.

Mean peak plasma fluoride was 28.2 = 14 pmol/L 1
hour after exposure. 2 patients had concentrations
> 50 pmol/L 12-24 hours after anesthesia and raised
blood urea nitrogen and creatinine concentrations.

Glomerular filtration rate was affected, as shown

by significantly lower urinary inorganic phosphate
concentrations in exposed populations compared with
control populations.

Alkaline fixation-resistant and lysosomal acid
phosphatase activities were significantly inhibited
at 75 pM. Tartrate-resistant activity was also
significantly inhibited at 250 pM.

Significant increase in urine NAG and gamma-GT
activities in children with enamel fluorosis exposed to
fluoride at 2.58 mg/L and in children exposed at 4.51
mg/L. Dose-response relationship observed between
fluoride concentration and these two measures of
renal damage.
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Proposed Mechanisms Comments Reference
Higuchi
et al.
1995
Mitochondrion appears to be Cittanova
the target of fluoride toxicity et al.
in collecting duct cells. Effects 1996
are partly responsible for the
urinary concentrating defects in
patients after administration of
biotransformed inhaled anesthetics.
Authors concluded that sevoflurane might ~ Goldberg
induce nephrotoxicity. et al.
1996
Ando
et al.
2001
Partanen
2002
Subjects were similar with respect to age,  Liu et al.
gender, and nutritional status. 2005
continued
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TABLE 9-3 Continued

FLUORIDE IN DRINKING WATER

Species

Study

Findings

Rat

Rat

Rat (in
vitro)

Rabbit
(in
vitro)

Rabbit

NaF 10, 50, 150 mg/L
in drinking water for 6
weeks.

30 and 100 mg/L in
drinking water for 7
months.

Kidney epithelial cells
(NRK-52E) were
cultured with NaF.

Immortalized kidney
cells of the thick
ascending limb were
cultured with 1, 5, or
10 mmol of NaF for 24
hours; or $ mmol for 1,
S, and 10 hours.

NaF at 5, 10, 20, and
50 mg/kg/day injected
subcutaneously for 15
weeks.

Plasma fluoride concentrations were <0.4, 2, 7, and
35 pmol/L, respectively. ATP-dependent 45Ca uptake
was significantly lower in the high exposure group
than in controls (P < 0.05). Thapsigargin treatment
showed that the lower uptake was associated with
significantly lower activities of both the plasma
membrane Ca%*-pump (in high-dose group compared
with controls, P < 0.05) and endoplasmic reticulum
Ca2*-pump (in the mid- and high-dose groups
compared with controls, P < 0.05).

Decreased phosphatidylethanolamine and
phosphatidylcholine phospholipids and ubiquinon
in the kidney. Increased lipid peroxidation. Electron
microscopy revealed alterations in renal structures,
including mitochondrial swelling in the proximal
convoluted tubules and decreased numbers of
microvilli and disintegrated brush border at the
luminal surface.

Calcium accumulation was significantly increased.

At 5§ mmol after 24 hours, fluoride decreased cell
numbers by 14% (P < 0.05), protein content by 16 %,
leucine incorporation by 54 %, and Na-K-2Cl activity
by 84%. There was a 145% increase in LDH and a
190% increase in N-acetyl-B-glucosaminidase release.
Na,K-ATPase activity was significantly impaired at 1
mmol for 24 hours and after 2 hours at 5 mmol.

At 10 mg/kg/day and higher, increased cloudy
swellings, degeneration of the tubular epithelium, cell
death, vacuolization of the renal tubules, hypertrophy
and atrophy of the glomeruli, exudation, interstitial
edema, and interstitial nephritis.

Copyright © National Academy of Sciences. All rights reserved.
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Proposed Mechanisms Comments Reference
Ca?* homeostasis appears to Borke
have been affected by an increase and

in turnover or breakdown Whitford
or decreasing the expression 1999

of plasma membrane and
endoplasmic reticulum CaZ*-pump

proteins.

The pathogenesis of chronic Guan
fluorosis might be due to oxidative et al.
stress and modification of cellular 2000

membrane lipids. Those alterations
might explain observed systemic
effects, especially in soft tissues and

organs.
Elevation of ER-type Ca?*ATPase Murao
activity appears to operate as et al.
a regulatory system to protect 2000

against large increases in cytosolic
calcium concentrations due to
increased influx of calcium into

the ER.

Na,K-ATPase pump appears to be Cittanova

a major target of fluoride toxicity et al.

in the loop of Henle. 2002

Mechanism for the damage not Shashi

proposed et al.
2002
continued
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TABLE 9-3 Continued

FLUORIDE IN DRINKING WATER

Species

Study

Findings

Fluoride Toxicity in Hemodialysis Patients

Human

Human

Human

Human

Human

Plasma and bone
concentrations of
fluoride and renal
osteodystrophy in HD
patients

Comparison of serum
fluoride concentrations
in 17 HD patients and
17 CAPD patients.

Renal osteodystrophy
in 209 HD patients in
Saudi Arabia.

Effects on plasma
potassium
concentration of

25 HD patients

from mineral water
containing fluoride at
9 mg/L.

Serum fluoride
concentrations
evaluated in 29 HD
patients.

Mean plasma concentration of fluoride was 10.8
pmol/L in 34 patients with residual glomerular
filtration rates (RGFR) and 15.6 pmol/L in 25 patients
with anuria. Mean bone ash concentration of fluoride
was 5,000 mg/kg in 14 patients with RGFR and
7,200 mg/kg in 26 patients with anuria. Evidence

of secondary hyperparathyroidism. Evidence of
osteodystrophy reported, but did not appear to be of
the advanced degree found with skeletal fluorosis.

Higher serum fluoride concentrations found in HD
patients (4.0 = 0.5 pmol/L) compared with CAPD
patients (2.5 = 0.3 pmol/L), P < 0.005.

Bone and joint pain reported in 25.8% of patients.
The major radiological finding was osteosclerosis
in 70% of patients. Mean serum concentration of
aluminum was 25.4 = 17.7 pg/L; of 1,25-dihydroxy
vitamin D3 was 8.1 = 4.2 ng/L; and of fluoride was
92.2 = 31.4 pg/L.

There was a significant correlation between plasma
fluoride and potassium concentrations before

dialysis (P < 1 x 1077) but not after. Group-by-group
comparisons indicated that the correlation was
linked to the group consuming the mineral water

(P <1 x 1077), which had higher plasma potassium
concentrations before dialysis than the group that did
not drink the mineral water (P < 0.005).

Serum fluoride was significantly higher in patients
before and after HD than in healthy subjects. Despite
net clearance of fluoride during HD, serum fluoride
did not return to normal concentrations.

Copyright © National Academy of Sciences. All rights reserved.
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Proposed Mechanisms

Comments

Reference

The bone concentrations of fluoride fall
within the ranges historically associated
with stage II and stage III skeletal fluorosis
(see Chapter 5). The study reported no
skeletal fluorosis, but it was unclear what
criteria were used for assessment of the
condition. Suggests bone concentrations
alone do not adequately predict skeletal
fluorosis.

The patients were supplemented with
calcium, and were given aluminum
hydroxide if serum phosphate was too

high.

Authors noted that fluoride content of
the HD fluids, which were prepared with
fluoridated water, was significantly higher
than in commercially prepared peritoneal
dialysis fluid.

Osteodystrophy could be related to
aluminum exposure. Water quality in
Saudi Arabia is not the same as in the
United States.

Copyright © National Academy of Sciences. All rights reserved.
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et al.
1984

Bello and
Gitelman

1990

Huraib
et al.
1993

Nicolay
et al.

1999

Usuda
et al.
1997
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TABLE 9-3 Continued

FLUORIDE IN DRINKING WATER

Species

Study

Findings

Human

Human

Human

Human

Serum fluoride
concentrations
evaluated in 39 patients
with end stage renal
disease living in an area
with fluoride at 47.4 =
3.28 pM/L in drinking
water. 30 patients
treated with HD and 9
with CAPD.

Plasma fluoride
concentrations
measured in 35 dialysis
patients.

Serum fluoride
concentrations
measured in 150
dialysis patients.

153 iliac crest bone
biopsies from renal
osteodystrophy patients
were analyzed.

Hemodialysis Accidents

Human

Evaluation of 12
patients who became
severely ill after HD
treatment and 20
patients who did

not become ill after
treatment in the same
unit.

Mean serum fluoride was significantly higher

in dialysis patients (2.67 = 1.09 pM/L) than

in controls. CAPD patients had higher mean
fluoride concentrations (3.1 = 1.97 pM/L) than
HD patients (2.5 = 1.137 pM/L). 39% of dialysis
patients had serum fluoride concentrations > 3.0
BM/L, a concentration believed to pose a risk of
osteodystrophy.

Highly significant correlation between fluoride
concentrations before and after dialysis (P < 0.00001)
and between the months of hemodialysis and average
fluoride concentration before dialysis (r = 0.624; P =
0.008).

Serum fluoride concentrations were approximately
3.3 times higher in dialysis patients than in healthy
subjects.

Increase in bone fluoride was weakly associated with
increased osteoid volume, surface, and thickness.
Bone fluoride had a negative correlation with bone
microhardness.

12 of 15 patients treated in one room had severe
pruritus, multiple nonspecific symptoms, and/or fatal
ventricular fibrillation (3 patients). Serum fluoride
concentration in ill patients was as high as 716 pmol/
L. 20 patients treated in a different room did not
become ill (P < 0.0001).

ABBREVIATIONS: CAPD, continuous ambulatory peritoneal dialysis; ER, endoplasmic
reticulum; GT, glutamyltransferase; HD, hemodialysis; LDH, lactate dehydrogenase; NAG,

N-acetyl-beta-D-glucosaminidase.
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Proposed Mechanisms Comments Reference
Al-
Wakeel
et al.
1997
Nicolay
et al.
1997
Torra
et al.
1998
Fluoride incorporation at the The authors speculated that accumulated ~ Ng et al.
mineralizing front increases fluoride interacted with aluminum in 2004
mineralization lag time. dialysis patients, altering bone properties.
Water used for dialysis in the ill Arnow
patients was found to have excessive et al.
concentrations of fluoride because of 1994
errors in maintenance of the deionization
system.
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pump in cultured rabbit ascending loop cells. Guan et al. (2000) showed
that the same concentrations of fluoride that caused dental fluorosis in rats
affected kidney phospholipids. Rat studies show that the animals that had
most of their renal tissue surgically removed retained more fluoride in their
bones, which became more susceptible to fracture (Turner et al. 1996).
Turner’s rat studies were also conducted to simulate the concentrations that
humans would be exposed to in regions where the drinking water contained
fluoride at 3-10 mg/L.

Patients with Renal Impairment

Several investigators have shown that patients with impaired renal func-
tion, or on hemodialysis, tend to accumulate fluoride much more quickly
than normal. Patients with renal osteodystrophy can have higher fluoride
concentrations in their serum (see Table 9-3). Whether some bone changes
in renal osteodystrophy can be attributed to excess bone fluoride accumula-
tion alone, or in combination with other elements such as magnesium and
aluminum, has not been clearly established (Erben et al. 1984; Huraib et
al. 1993; Ng et al. 2004). Extreme caution should be used in patients on
hemodialysis because failures of the dialysis equipment have occurred in the
past, resulting in fluoride intoxication (Arnow et al. 1994).

HEPATIC SYSTEM

Although some studies have observed histopathologic changes in the
liver in response to high doses of fluoride (Kapoor et al. 1993; Grucka-
Mamczar et al. 1997), the changes have not been carefully quantified. In a
study to examine the histologic effects of NaF directly on the liver, rats fed
5-50 mg/kg/day showed vacuolization of the hepatic cells, cellular necrosis,
and dilated and engorged liver tissue that was not seen in the control animals
(Shashi and Thapar 2001).

In some of the studies in which effects of chronic or acute fluoride
doses were observed in kidneys, the livers were also examined for signs of
toxicity. Tormanen (2003) showed that fluoride caused substrate inhibi-
tion of rat liver arginase at substrate concentrations above 4 mM, and
rat kidney arginase was more sensitive than liver arginase to inhibition by
fluoride. de Camargo and Merzel (1980) first reported significant increases
in fatty deposits in the livers of rats but not in their kidneys when they were
given NaF at 1, 10, or 100 mg/L in tap water for 180 days. Twenty years
later, Wang et al. (2000) used high-performance liquid chromatography to
document the changes in liver lipids after rats were fed drinking water with
fluoride at 30 or 100 mg/L for 7 months. The higher concentration of fluo-
ride reduced total phospholipids. Within the phospholipids, the saturated

Copyright © National Academy of Sciences. All rights reserved.
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fatty acid components increased and polyunsaturated fatty acids decreased.
Liver cholesterol and dolichol were unchanged. The authors concluded that
fluoride-induced alteration in liver membrane lipids could be an important
factor in the pathogenesis of chronic fluorosis.

Whether any of these changes has relevance to the long-term daily in-
gestion of drinking water containing fluoride at 4 mg/L will require careful
analysis of liver function tests in areas with high and low concentrations of
fluoride in the drinking water. The clinical trials involving fluoride therapy
for treating osteoporosis require that subjects be administered fluoride at
concentrations approaching 1.0 mg/kg/day. Although such studies are rarely
carried out for more than 5 years, this period of time should be sufficient
to measure any changes in hepatic function. Jackson et al. (1994) reported
that there was a significant increase in liver function enzymes in test subjects
taking 23 mg of fluoride a day for 18 months, but the enzyme concentrations
were still within the normal range. It is possible that a lifetime ingestion of
5-10 mg/day from drinking water containing fluoride at 4 mg/L might turn
out to have long-term effects on the liver, and this should be investigated in
future epidemiologic studies.

Finally, because the liver is the primary organ for defluorinating toxic
organofluorides, there is a concern that added fluoride body burden that
would be experienced in areas where the drinking water had fluoride at 4
mg/L might interfere with the activity of the cytochrome P450 complex
(Baker and Ronnenberg 1992; Kharasch and Hankins 1996).

IMMUNE SYSTEM

Hypersensitivity

In the studies by physicians treating patients who reported problems
after fluoridation was initiated, there were several reports of skin irritation
(Waldbott 1956; Grimbergen 1974; Petraborg 1977). Although blinded
experiments suggested that the symptoms were the result of chemicals in
the water supply, various anecdotal reports from patients complaining, for
example, of oral ulcers, colitis, urticaria, skin rashes, nasal congestion, and
epigastric distress, do not represent type I (anaphylactic), II (cytotoxic), 11
(toxic complex), or IV (delayed type reactivity) hypersensitivity, according
to the American Academy of Allergy (Austen et al. 1971). These patients
might be sensitive to the effects of silicofluorides and not the fluoride ion
itself. In a recent study, Machalinski et al. (2003) reported that the four
different human leukemic cell lines were more susceptible to the effects of
sodium hexafluorosilicate, the compound most often used in fluoridation,
than to NaF.

Nevertheless, patients who live in either an artificially fluoridated com-
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munity or a community where the drinking water naturally contains fluoride
at 4 mg/L have all accumulated fluoride in their skeletal systems and po-
tentially have very high fluoride concentrations in their bones (see Chapter
3). The bone marrow is where immune cells develop and that could affect
humoral immunity and the production of antibodies to foreign chemicals.
For example, Butler et al. (1990) showed that fluoride can be an adjuvant,
causing an increase in the production of antibodies to an antigen and an
increase in the size and cellularity of the Peyer’s patches and mesenteric
lymph nodes. The same group (Loftenius et al. 1999) then demonstrated
that human lymphocytes were more responsive to the morbilli antigen. Jain
and Susheela (1987), on the other hand, showed that rabbit lymphocytes
exposed to NaF had reduced antibody production to transferrin.

At the very early stages of stem cell differentiation in bone, fluoride
could affect which cell line is stimulated or inhibited. Kawase et al. (1996)
suggested that NaF (0.5 mM for 0-4 days) stimulates the granulocytic
pathway of the progenitor cells in vitro. This was confirmed by Oguro et
al. (2003), who concluded that “NaF [<0.5 mM] induces early differentia-
tion of bone marrow hemopoietic progenitor cells along the granulocytic
pathway but not the monocytic pathway.”

It has long been claimed that cells do not experience the concentrations
of fluoride that are used in vitro to demonstrate the changes seen in cell cul-
ture. Usually millimolar concentrations are required to observe an effect in
culture. Because serum fluoride normally is found in the micromolar range,
it has been claimed that there is no relevance to the in vivo situation. How-
ever, studies by Okuda et al. (1990) on resorbing osteoclasts reported that:
“NaF in concentrations of 0.5-1.0 mM decreased the number of resorption
lacunae made by individual osteoclasts and decreased the resorbed area
per osteoclast. We argue that the concentration of fluoride in these experi-
ments may be within the range ‘seen’ by osteoclasts in mammals treated for
prolonged periods with approximately 1 mg of NaF/kg body weight (bw)
per day.” Sodium fluoride intake at 1 mg/kg/day in humans could result
in bone fluoride concentrations that might occur in an elderly person with
impaired renal function drinking 2 L of water per day containing fluoride
at 4 mg/L (see Chapters 3 and 5 for more information on bone fluoride
concentrations).

Cellular Immunity

Macrophage function is a major first line of defense in immunity. When
macrophage function is impaired, the body could fail to control the invasion
of foreign cells or molecules and their destructive effects. The studies that
have investigated the function of the cells involved in humoral immunity
are summarized in Table 9-4.

Copyright © National Academy of Sciences. All rights reserved.



Fluoride in Drinking Water: A Scientific Review of EPA's Standards
http://www.nap.edu/catalog/11571.html

GASTROINTESTINAL, RENAL, HEPATIC, AND IMMUNE SYSTEMS 295

Fluoride, usually in the millimolar range, has a number of effects on
immune cells, including polymorphonuclear leukocytes, lymphocytes, and
neutrophils. Fluoride interferes with adherence to substrate in vitro. The
variety of biochemical effects on immune cells in culture are described in
Table 9-4. Fluoride also augments the inflammatory response to irritants.
Several mechanisms have been proposed, and the main route is thought to be
by means of activation of the G-protein complex. It appears that aluminum
combines with fluoride to form aluminum fluoride, a potent activator of G
protein. In a study by O’Shea et al. (1987), for example, AlF, had a greater
influence on lymphocyte lipid metabolism than did fluoride in the absence
of aluminum. On the other hand, Goldman et al. (1995) showed that the
aluminofluoride effect of activating various enzymes in macrophages is
independent of the G-protein complex.

There is no question that fluoride can affect the cells involved in pro-
viding immune responses. The question is what proportion, if any, of the
population consuming drinking water containing fluoride at 4.0 mg/L on
a regular basis will have their immune systems compromised? Not a single
epidemiologic study has investigated whether fluoride in the drinking wa-
ter at 4 mg/L is associated with changes in immune function. Nor has any
study examined whether a person with an immunodeficiency disease can
tolerate fluoride ingestion from drinking water. Because most of the stud-
ies conducted to date have been carried out in vitro and with high fluoride
concentrations, Challacombe (1996) did not believe they warranted atten-
tion. However, as mentioned previously in this chapter, bone concentrates
fluoride and the blood-borne progenitors could be exposed to exceptionally
high fluoride concentrations. Thus, more research needs to be carried out
before one can state that drinking water containing fluoride at 4 mg/L has
no effect on the immune system.

FINDINGS

The committee did not find any human studies on drinking water con-
taining fluoride at 4 mg/L where GI, renal, hepatic, or immune effects were
carefully documented. Most reports of GI effects involve exposures to high
concentrations of fluoride from accidental overfeeds of fluoride into water
supplies or from therapeutic uses. There are a few case reports of GI upset
in subjects exposed to drinking water fluoridated at 1 mg/L. Those effects
were observed in only a small number of cases, which suggest hypersensitiv-
ity. However, the available data are not robust enough to determine whether
that is the case.

Studies of the effects of fluoride on the kidney, liver, and immune system
indicate that exposure to concentrations much higher than 4 mg/L can affect
renal tissues and function and cause hepatic and immunologic alterations
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TABLE 9-4 Effects of Fluoride on Immune System Cells

Species

Study

Findings

In vitro

Human

Human

Various

Human

Human

Human

Human

Metabolism factors measured
in cultured PMNs incubated
with mM concentrations of
fluoride.

Leukocyte capillary
migration inhibition assay.

Evaluated signal transduction
in cultured macrophages
exposed to NaF with or
without aluminum.

Cell migration assay and
micropore filter assay used
to assess effect of NaF on
locomotion and chemotaxis
of human blood leukocytes.

Cultured neutrophils treated
with fluoride.

Electropermeabilized
neutrophils treated with
fluoride.

Adherence assay of PMNs
cultured with 0.0625-4.0 pM
with or without autologous
serum.

Significant inhibition of PMN metabolic

activity at 0.1 mM fluoride for O, generation.
Activity was also inhibited at 0.5 mM for 1*CO,
release from labeled glucose and at 1.0 mM for
nitroblue tetrazolium-reduction.

8% inhibition with 0.5 ppm fluoride and 20%
inhibition with 20 ppm fluoride.

NaF reduced intracellular ATP concentrations,
suppressed agonist-induced protein tyrosine
phosphorylation and reactive oxygen species
formation. There was in situ activation of
nitrogen-activated protein kinase, phospholipase
A2, and phosphatidylinositol-phospholipase

C. Little or no effect on NaF-mediated enzyme
action was observed when cells were treated
with AICI; or deferoxamine.

Significant reduction in chemotaxis and
locomotion observed with 1 mM fluoride.

Fluoride activated diacylglycerol generation
and phospholipase D activity. Increased
diradylglycerol mass, with kinetics similar to
superoxide generation.

O, production was increased by
electropermeabilization. That effect was
antagonized by GDP[B-S], required Mg?*, and
was blocked by staurosporine and H-7.

No effect in the absence of serum. With serum,
adherence significantly decreased at 0.5 pM.
Decrease was 1.1% at 0.125 pM and 52.7% at
1.5 pM.
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Inhibition was primarily due to Gabler
suppression of nonoxidative glucose and Leong
metabolism. Peak effect was at 20 mM, a 1979
lethal dose to the cells.
Effect at 0.5 ppm fluoride likely not ~ Gibson
significant. 1992
20 ppm fluoride is 100 times higher
than serum fluoride concentrations
expected if 1.5 L of 4 ppm fluoride
in water is consumed.
Authors suggest that some of the Goldman
pleiotropic effects of NaF in intact cells etal. 1995
might be due to depletion of ATP and
not by G-protein activation.
1 mM fluoride is a high Wilkinson
concentration relative to blood 1983
fluoride, but such a concentration
might be possible within the
Haversian canal system of bone,
restricting migration of leukocytes
through bone.
Data are consistent with the activation Olson
of phosphatidic acid and diglyceride et al. 1990
generation by both phopholipase D-
dependent and independent mechanisms.
Supports the hypothesis that fluoride Hartfield
activates G protein, most likely Gp, by and
interacting with the nucleotide-binding Robinson
site on the G o subunit. 1990
Effect is not direct and is probably Concentrations of fluoride tested Gomez-
modulated by a seric factor. are similar to those found in blood.  Ubric
etal. 1992
continued
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TABLE 9-4 Continued

Species  Study Findings

Human Promyelocytic HL-60 cells Cell proliferation was inhibited by NaF and

treated with 0.5 mM NaF for was augmented by the addition of 1,25-

0-4 days. dihydroxyvitamin D3. Other observations
were changes in cellular morphology, increased
cellular adhesion to plastic, reduced nuclear/
cytoplasmic ratio, and increased cellular
expression of chloroacetate esterase. No effect
on cellular nonspecific esterase activity.

Human Blood lymphocytes incubated NaF augmented lymphocyte response to a
with NaF at 0.31, 0.62, or mitogen (PHA) or a specific antigen (morbilli
1.2 mM. antigen from infected cells). Simultaneous
incubation of NaF at 0.62 mM with PHA
significantly increased cytokine INF-y release
from activated T and/or NK cells compared
with treatment with PHA alone (P < 0.01).

Human CD34* cells isolated from At 10 and 50 mM NaF, there was damage to
umbilical cord blood were CFU-GM and significantly decreased cloning

incubated with 1, 10, and potential of these cells. Growth of BFU-E was
50 mM NaF for 30 and 120  also inhibited.
minutes.

Rat Liver macrophages treated Arachidonic acid and prostaglandins were
with fluoride. released (required extracellular calcium), but

there was no formation of inositol phosphates
or superoxide. Those effects were inhibited
by staurosporine and phorbol ester. Protein
kinase C was translocated from the cytosol to
membranes.

Mouse  Cultured lymphocytes treated With NaF, there was a breakdown of
with NaF and AICI,. polyphosphoinositides, decreased production of
phosphoinositols, increased cytosolic Ca?*, and
start of phosphorylation of the T-cell receptor.
Effects were potentiated by addition of AICI,.

Mouse  Bone marrow progenitor Upregulation in the activities of intracellular
cells cultured with 0.1-0.5 enzymes (LDH, B-glucuronidase, acid
mM NaF. phosphatase), cellular reduction of nitroblue

tetrazolium, and nitric oxide production.
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NaF stimulates the early stages of HL-60 Kawase
differentiation toward a granulocyte- et al. 1996

like cell. 1,25-Dihydroxyvitamin D3
acts as a cofactor with NaF, primarily
through interaction with an endogenous
NaF-induced cyclooxygenase product(s),
possibly PGE2.

Authors concluded that NaF’s effect on Loftenius
INF-y release during an immune response et al. 1999
might be one of the primary ways that

fluoride ion influences the immune

system.

Machalinski

et al. 2000
Calcium-dependent protein kinase C Schulze-
appears to be involved in fluoride’s Specking
action on liver macrophages. et al. 1991
The active moiety is AlF, . AlF,~induced O’Shea
effects were insensitive to cyclic et al. 1987
adenosine monophosphate.
Authors suggest that NaF induces Oguro
early differentiation of bone marrow et al. 2003
hemopoietic progenitor cells along
the granulocytic pathway but not the
monocytic pathway linked to osteoclast
formation.

continued
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TABLE 9-4 Continued
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Species  Study Findings

In vivo

Rabbit  Rabbits immunized with NaF inhibited antibody formation and had a
transferrin before or after threshold of 0.78 ppm in circulation. DNA and
9 months treatment with protein synthesis were also inhibited.

10 mg/kg/day. Circulating
anti-transferrin titers were
measured during the 9
months. DNA and protein
synthesis were determined
by [*H]thymidine and
[*4C]leucine incorporation.

Rat Sensitization assay performed Significant increase in surface immunoglobulin
with rats administered § mL  expression on lymphocytes from the Peyer’s
of a 100-mmol solution of patches and mesenteric lymph nodes.

NaF twice a week for 2-3
weeks and given ovalbumin
in drinking water.

Rat 0.1, 0.2, and 0.4 mg of Significant PMN-leukocyte infiltration in the
fluoride administered lungs observed 24 hours after treatment with
intratracheally. 0.2 and 0.4 mg. mRNA of chemokines and

proinflammatory cytokines was increased.
Increased adhesion of PMNs to plastic dish.
Mouse  Antibacterial defense Suppression of pulmonary bactericidal activity

mechanisms and lung
damage were assessed in
mice exposed to 2, 5, 10
mg/m? of a fluoride aerosol
in an inhalation chamber for
4 hours per day for 14 days.

against Staphylococcus aureus at 5 and 10
mg/m>. Significant decrease in the number

of alveolar macrophages in bronchoalveolar
lavage fluid at 10 mg/m?3 in mice not bacterially
challenged. Significant increase in PMNs and
lymphocytes at 10 mg/m?3.

ABBREVIATIONS: BFU-E, burst forming unit of erythrocytes; CFU-GM, colony-forming unit
of granulocyte-macrophages; GDP[B-S], guanosine 5’-[B-thio]diphosphate; INF-y, interferon
v; LDH, lactate dehydrogenase; PGE2, prostaglandin E; PHA, phytohemaggultinin ; PMN,
polymorphonuclear leukocyte.
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Antibody formation appears to be General inhibition of metabolic Jain and
inhibited because of the decrease function. Susheela
in lymphocyte proliferation and 1987
inhibition of protein synthetic ability of

immunocytes.

Microulcerations of the gastric mucosa.  Authors note that the Butler
concentrations tested were et al. 1990
within the range that could be
inadvertently ingested by infants/
children or adults from fluoride
supplements or gels.

S. Hirano

et al. 1999
Authors concluded that inhalation of Yamamoto
fluoride can cause cellular alterations et al. 2001

in the lung that diminish the ability to
respond to infectious bacteria.
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in test animals and in vitro test systems. For example, a few studies suggest
that fluoride might be associated with kidney stone formation, while other
studies suggest that it might inhibit stone formation. Some effects on liver
enzymes have been observed in studies of osteoporosis patients treated with
fluoride, but the available data are not sufficient to draw any conclusions
about potential risks from low-level long-term exposures. Little data is
available on immunologic parameters in human subjects exposed to fluoride
from drinking water or osteoporosis therapy, but in vitro and animal data
suggest the need for more research in this area.

As noted earlier in Chapters 2 and 3, several subpopulations are likely
to be susceptible to the effects of fluoride from exposure and pharmacoki-
netic standpoints. With regard to the end points covered in this chapter, it is
important to consider subpopulations that accumulate large concentrations
of fluoride in their bones (e.g., renal patients). When bone turnover occurs,
the potential exists for immune system cells and stem cells to be exposed to
concentrations of fluoride in the interstitial fluids of bone that are higher
than would be found in serum. From an immunologic standpoint, indi-
viduals who are immunocompromised (e.g., AIDS, transplant, and bone-
marrow-replacement patients) could be at greater risk of the immunologic
effects of fluoride.

RECOMMENDATIONS

Gastric Effects

e Studies are needed to evaluate gastric responses to fluoride from
natural sources at concentrations up to 4 mg/L and from artificial sources.
Data on both types of exposures would help to distinguish between the
effects of water fluoridation chemicals and natural fluoride. Consideration
should be given to identifying groups that might be more susceptible to the
gastric effects of fluoride.

e The influence of fluoride and other minerals, such as calcium and
magnesium, present in water sources containing natural concentrations of
fluoride up to 4 mg/L on gastric responses should be carefully measured.

Renal and Hepatic Effects

e Rigorous epidemiologic studies should be carried out in North
America to determine whether fluoride in drinking water at 4 mg/L is as-
sociated with an increased incidence of kidney stones. There is a particular
need to study patients with renal impairments.

¢ Additional studies should be carried out to determine the incidence,
prevalence, and severity of renal osteodystrophy in patients with renal im-
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pairments in areas where there is fluoride at up to 4 mg/L in the drinking
water.

e The effect of low doses of fluoride on kidney and liver enzyme func-
tions in humans needs to be carefully documented in communities exposed
to different concentrations of fluoride in drinking water.

Immune Response

e Epidemiologic studies should be carried out to determine whether
there is a higher prevalence of hypersensitivity reactions in areas where
there is elevated fluoride in the drinking water. If evidence is found, hyper-
sensitive subjects could then be selected to test, by means of double-blinded
randomized clinical trials, which fluoride chemicals can cause hypersensitiv-
ity. In addition, studies could be conducted to determine what percentage
of immunocompromised subjects have adverse reactions when exposed to
fluoride in the range of 1-4 mg/L in drinking water.

e More research is needed on the immunotoxic effects of fluoride in
animals and humans to determine if fluoride accumulation can influence
immune function.

e It is paramount that careful biochemical studies be conducted to
determine what fluoride concentrations occur in the bone and surrounding
interstitial fluids from exposure to fluoride in drinking water at up to 4
mg/L, because bone marrow is the source of the progenitors that produce
the immune system cells.
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Genotoxicity and Carcinogenicity

This chapter reviews research publications and relevant review articles
published since the earlier NRC (1993) report and other relevant papers not
included in that review, and also considers salient earlier papers. Evalua-
tion of the plausibility and potential for carcinogenicity is based on human
epidemiologic studies, laboratory animal lifetime bioassays, shorter-term
genotoxicity tests, metabolism and pharmacokinetic data, and mechanistic
information. Genotoxicity tests indicate the potential for fluoride to cause
mutations, affect the structure of chromosomes and other genomic material;
affect DNA replication, repair, and the cell cycle; and/or transform cultured
cell lines to enable them to cause tumors when implanted into host animals.
In interpreting the experimental studies and the consistency among dispa-
rate tests and systems, factors to be considered include the chemical form,
concentrations, duration of exposure or application, vehicle or route of
exposure, presence or absence of dose response, and information that each
study provides about the potential stage of cancer development at which
the chemical might operate. The degree of consistency of genotoxicity tests
with the epidemiologic studies and whole animal bioassays on these points
was evaluated.

GENOTOXICITY

Genotoxicity tests comprise in vitro and in vivo assays to assess the
effects on DNA and chromosomal structure and/or function. The results
of these assays serve as indicators of the potential interaction of chemicals
with the genetic material. Changes in chromosomal or DNA structure or

304
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function may be a step in the pathway to carcinogenesis. More often, they
indicate interference with the normal duplication, function, and control of
cell division and genetic activity that also might result in precancer or early
neoplastic processes. Genotoxicity also encompasses the ability to cause
germ cell and somatic cell mutations that cause malformations, disease, and
other adverse health outcomes.

Many cell systems derived from various organisms have been used to the
assess genotoxicity of a large array of chemicals. In evaluating the applica-
bility of the results of these tests to human risk from fluoride ingestion, some
of the key parameters are the concentrations used in the assays compared
with physiologic concentrations, the form and vehicle for fluoride exposure
in the assay, and existing data on overall applicability of the various assays
to risk in humans. Tennant (1987) and Tennant et al. (1987) concluded that
the Salmonella reverse mutation assay was the best short-term genotoxicity
assay available for predicting carcinogenicity in mammals. However, Parodi
etal. (1991) reviewed the results of various genotoxicity tests in comparison
with animal carcinogenicity studies, and found that in vitro cytogenetic
tests, particularly sister-chromatid exchange tests (SCEs), were more predic-
tive of carcinogenicity than the Salmonella reverse mutation assay. Tice et
al. (1996) subsequently reviewed relative sensitivities of rodents and humans
to genotoxic agents and concluded that humans are more than an order of
magnitude more sensitive than rodents to most of the genotoxic agents they
examined using the genetic activity profile database.

The available new genotoxicity studies of fluoride are detailed in Table
10-1. The most extensive and important additions to the genotoxicity litera-
ture on fluoride since 1993 are in vivo assays in human populations and, to
a lesser extent, in vitro assays using human cell lines and in vivo experiments
with rodents. These studies are discussed below.

Gene Mutation

Mutagenicity indicates direct action of a substance on DNA. Altera-
tions in DNA suggest that the chemical has the potential to cause genetic
effects as well as carcinogenic potential. In 1993, the existing literature did
not indicate that fluoride posed a mutation hazard. The literature included
assays with Salmonella (virtually all negative results), various mammalian
cells lines (virtually all negative), and cultured human lymphocytes. Posi-
tive results in the human lymphocytes were seen at fluoride concentrations
above 65 micrograms per milliliter (pg/mL) (parts per million [ppm]) and
generally at more than 200 pg/mL, (much greater concentrations than those
to which human cells in vivo typically would be exposed). No pertinent
studies have been found since those reviewed in the 1993 NRC report. The
committee interprets the weight of evidence from in vivo rodent studies to

Copyright © National Academy of Sciences. All rights reserved.



Fluoride in Drinking Water: A Scientific Review of EPA's Standards

http://www.nap.edu/catalog/11571.html

306

‘3urpunojuod
srydesgowap [enualod 10y

*S[013U0D Y3m paredwod (aseasour
P[0}-8°T) SIsozon[j ou uey) (Iseardut
PIOJ-F7¢) sisotonjj yam sfenplarput
ur £ouanbaiy 19ySIy :snapNUOIdIN
*S[0TU0d

yam paredwod (9seaioul 9, ¢ )
SISOJONJ} OU UBYI (SPDS Ul 9SBIIOUL

*SNAONUOIITUT puk g))§ :Aessy

/8w [ > e apuionyj 01 pasodxa

(0€ = u) sjonuod Yam paredwod J/Sw G 01 4 I 121EM
SunjuLIp ur aprIonyy 01 pasodxa (s1soIonfj ou YIm g = u

S661 DM [013U0D 10 JUSWUIRIIAISE 102[qns %/.8) SISOION[J UM S[ENPIAIPUT  SISOION[J YIIM €¢ = U) BI[OSUOJN Jouul ul uoidal J0yyoH

pue np\ JO UONBIUWNDOP JUIYJNSU] ur £ouanbaiy 1oy8iy :gDS a3 jo siuelqeyul woiy sankooydw] poolq [esayduag
L661
Sueyyz
pue Suay

HYS M R *P21s21 sawooIno J1auag014o Je DS ‘SNI[ONUOIIIW ‘SUONIBIIIQE JWOSOWOIYD :Aessy

Suap Ul UOIIBAJ[D PRy SIadIom pasodxy *21ns0dxa uone[RYUI YIIM SIONIoM 19z1[119) deydsoyq

‘xaput aanedjijoid

*3urpunojuod xaput aaneIdj01d 904> 91940 |90 pue sahdoydwi] poolq ut DS :Lessy

srydesSowsp enualod 10y [[99 9Y3 UI 9JUSIDJJIP OU SeM 2193} /8w ('] 03 970 3 pasodxa peqepawyy ur s3103[qns

661 T8 32 [013U0D 10 JUSWIUIRIIASE 103[qns  Inq Derelno) YiuroN woj s109(qns ur - J7 yam /3w g7 01 G 1B 9pLION]] YIIM Ia1em SunjuLIp

yIays JO UONBIUWNDOP JUIYJNSU] 19718018 Appueoyrudis sem 231 JOS 03 pasodxa jerelno) YiIoN Jo syuapisar (O jo uosiredwor)

*SUOTIBIIUIIUOD ‘sa1ho0ydwd] poolq ur gN§ :Lessy

191eMm 031 [euontodod axom Isayy /8w 8 10 Q' ‘770 I dpLony

S66T {paINSEaW OS[E SUOTIBIIUIOUOD 1[92 12d sgDH§ IGeIoAE T9MO] JO SUOIIBIIUIDUOD I9JEM (IIM BUIYD) JO SUOIZIT Ul FUIAL|

B IT A SpLION[j dULIN pUE BWISE[] PBY UOISaI T/3W-§ 4 9yl Ul s109[qng uontnu aenbapeur 1o [ewIOU YIM (94, = U) $192[qng

SIIPNIS UDMNY 0MIA U]

S9JUIAJOY syrewoy s3urpurg Kessy pue poyla/waisLg 10 uonemndog

apLION[ JO SAPNIG AIDIX0IOUID) JUIIY JO Arewrwung [-0T HTIV.L

Copyright © National Academy of Sciences. All rights reserved.



Fluoride in Drinking Water: A Scientific Review of EPA's Standards

http://www.nap.edu/catalog/11571.html

307

panuguod

100T e
ysawrey

000¢T
EIgpeH
pue
ydasof

8661 '[E I
U2Isy UBA

L661 TE R
uosye[

‘opuiony 4q £31a130€
S1u930UIdIeD 10§ WSIUBYIIW

B 91BJIpUI P[NOD USISIP SIYI
JUIWIUIEIIIISE JIIBWIISAS YIIm
pazedrjdax jy -o[qissod sem

SBIQ UOI1D3[9$ {PIIdI[as aIom
[eadsoy auo 1€ Sumy sisayrsord
Suro8ropun syuaned AjuQ

*sonsuRldRIEyd drydesSowap
pue JuswuIelradse 123(qns jo
UOTIBIUIWINIOP JUSDdYFNSUT

‘SuUONENUIdUOD SpLIonyy
Jowmn) suoq umwﬂwﬂﬂ oYl pey oml
SOyl pue hwﬂwwﬁ BUWODILSOIISO Ul

swuenw ¢¢d pey sased (9,0]) OM],

*98e[[1A [013UOD I3 puE
0M1 1910 dY1 UIIMII] PUNOJ SeM
22UDIJFIP ON STDS PAILAI[d pey

sage[[1a apLION[J-ySIy Y3 Jo auQ)

*S[OIIUOD PIYIIEW Y3 YIIm
paredwod $309539 2139U230345 ON

‘umol J/3w-4 ay3 ut sdnoid

0M] 3593 U2ImIaq Aouanbaiy 4H§

Ul 90UdIdJJIp ou punoj (/8w ()
191em 110 pue (T/8W ¢°0S) Jorem
[[om Suisn syuapisar Surredwiod
Aunwwod J/8w-() 4 9Y3 ul
Apnis dn-mofjoq “&3runwwiod
T/Bw-g"p ur 1Yy SEOS

-onssn
IOWN) UT SUOTIBIIUAOUOD IpLronyy pue uoneinw ¢¢d :£essy
‘suoneInw ¢¢d pue UONEIIWIIUOD IPLION]]

Jown) suoq gurpiedar uonnquisip uonendod yim
patedwod ()7 = U) BWODILSOISO JO BIPUJ UI SILIAS ISB))

'sa1fooydwA] [eroyduad ur 4DOS :Aessy

*(sageq[Ia ¢) /3w ¢*¢ 03 ¢°] 3B pasodxa syuapIsar

yum (3ge[[1a jonuod) /8w /- Ajrewixoidde e ospriony
pasodxa jerelnn yinog jo syuapisal jo uosuredwor)

‘uorssargord

3[2£2 [[99 ‘IPNUOIOIW ‘UOHEBIIIQE [BWOSOWOIYD :ABSSY
"9PLION[} WINIdS PAINSEIN *(Aep/opLionyj jo

8w g ¢¢ 01 9°77) syruow gy 01 ¢1 10J JeN pue aeydsoyd
-oIoNjjouow WNIPOSIp YIim pajeant syuaned sisorodoaso
srewdy /£ woiy sakooydwd] pooiq [erdyduad painyny

-ahooydwid] poojq ur gOS :Aessy

*SUOIIBIIUIIUOD

opuionyj auun pue ewse[d parnsesajy /8w (' pue ‘0]
7’0 ¥e 9PLION[} JO SUOIBIIUIDUOD IIJBAM M SIRIUNWIWOD
ur £5uapisar wiadl-3uof yym suonendod uewny

Copyright © National Academy of Sciences. All rights reserved.



Fluoride in Drinking Water: A Scientific Review of EPA's Standards

http://www.nap.edu/catalog/11571.html

308

K3101U930358] :LESSY

661 '[B I “Aproyd uo 109j39 'SNONUIUOD 10 SINOY
om3Q oN ‘wdd ¢< 1e d1uagoise)d apronyy ¢z 10] 1udunean JeN 's[[@2 projdip uewny paininy
S661 "SUOTIBIIOQE JWOSOWOIYD :£BSSY
nsSINST, ‘(sde8 “8'9) suoneiroqe
pue aredar pue sisayiuds YN JO  ‘suoneiroqe Sumonpul UONBIIUIIUOD Suikjissed jo spoyrowr a3eredsip a[oU031 03 3dwany
BWOPIRY  UONIQIYUI JO WSTUEYIW sasodoig 1samoj st JeN wdd ¢ 's1se[qoiqy pro[dip uewny paziuoIyduig
SIIPNIS UDUNY 0411 U]
00T (Aesse 10w0))) s1sa10ydoa1dao [a8 [0 o[Suls :Aessy
‘e 19 9gewep 191eMm SunyULIp
oImaqry VN puens-a[Suls Ul 9sea1oul ON ur /3w 0O pue £ g 38 JeN 03 pasodxa sier 1eIsipy
A0S :Lessy
9661 "B 19 ‘dnoi3qns syiuow 9 10J J/3W ()¢ 03 § I' I2IBM UI 9pLION[]
soedrun(y pasodxa Lue ur woneas[ FHS ON *SO[EUI D112 BIPUOU PUE JNIACEIP ‘SJBI I9NON7Z 1IN0
‘wdd 0p0°L<
01 9SOP M PIseIIdUT IPLION[J JO
SUOTIBIIUIIUOD JUOY "MOIIBUI QU0 "MOIIBW U0 Ul SUOIBLIIQE JWOSOWOIYD
*SOIPNIS OATA UT  UT 9SBAIOUT UOTIBIIOQE UTOSOWOIYD ‘s[[9d poo[q pai [eroydirad ur OpONUOIII eSSy
66T ‘T8 32 pue on1a ur snotadid ur sIdIuod ou pue ‘s[[od poo[q pai [eroydrrod "9U0( UT SUOTIBIIUIIUOD IPLION[J PAINSLIA
198197 93 JO JWIOS SISSAIPPE POYIIN Ul 9SBAIOUI 1A[ONUOIIIU ON| ‘syoam 9 10§ 13EM SunjuLIp eI pasodxa (L1enogq) 201N
S2IPNIS [PULIUD 0NN U]
SOUIAYY SyIRWY s3urpurq Kessy pue poyiaj/waisLg 10 uonemndog

ponuiuoy 1-01T HT1dV.L

Copyright © National Academy of Sciences. All rights reserved.



Fluoride in Drinking Water: A Scientific Review of EPA's Standards

http://www.nap.edu/catalog/11571.html

309

panuijuod

v661
eIep e
PUe ey

€661 e 0
SMIYNEBIA

€661
EpIYs]
pue 1ysry

¥00C 'T¢ ¥
Suem

L661
ydasof

WCN

erypen

§$661 T8
msinsy,

DS U0 19939 ON] "uoneiajijord
[199 Jo uonIqIyuI ON] "A3191X03014d
10J PaA1asqo asuodsar-asoq

*AITATIISUSS 9SBAIOUT O3 payTpow
AeSse UOIBULIOJSURI) PIEPURIG

"UOIIBWLIOJSUE] 10J 9ATIESU JeN
(wdd ¢61 01 61) INW 94 01 T[

qeN wdd zez
01 74 3t £uo s[[90 uewny pue sode
38213 U1 oprIony Jo A3IU301sE[)

*s[92 onoidode jo a3eiuadrod
3Y3 Ul 9sBaIdUl puk ‘QuolyieyIn|3
ur 9sea1d9p ‘aseprxosad pidy|

Ul 9SBIIOUT PAIB[AI-ISO(

"aSewrep YN puens
-9[3Uls Ul 9SBIIOUI PAIB[AI-ISO(]

‘paitodar s109539 ou DS

‘wdd (1 18 10U Inq ‘A[PA1I09dsal
‘wdd ¢ pue (7 e suonelIdqe [€103
Jo Aouanbaiy paseaiour o4 ¢ pue
%€ 7 tUONBIII(E [BWOSOWOIY))

‘sarjddns 1a3eM JO

93Uuel Ul SUOIIBIIUIDUOD dpLIon|] “£3101U980358]5 ON|

‘DS pue £1191x010340 :Lessy

'SINOY 9¢ J0 47 ‘7T 10§ INH 00T 03 [°0 38 X PUE JeN
*S[[92 MOIIBW U0 Painind (Aajme-andeids) siey

"UOTIBUIIOJSURT [[9D :ABSSY
“JeN Surpnpout ‘s[esTwayd SNOIWNU PIUTWEXY
“S[[99 9snowt € 1.5/ TVd

‘UOIIBLIIQE JWOSOWOIYD :Aessy
‘suewiny pue ‘sade ‘suerwisod ‘S3uapor Jo saInImd [0

S1PNIS [PULUD 04710 U]

‘pakesse os[e auoryieIn[3 pue aseprxorad pidry
(&esse 10w0))) s1s910ydo4109a [98 [[90 9[3uls :Aessy

"SINOY {7 103 T/SW (9T PUE ‘0§ ‘OF 3e JEN Y3M pajedi],
'sa14001edoy 0A1qUIe UBWINY

‘JOS pue uonelrge jewosowolyd “mkmww/\

JeN wdd og
01 ()] UI paIn3[nd s[enpiaipur (¢ wouij sazfooydwd| uewny

K3o1U030358[D 1ARSSY

'S){am ¢ 01

1 ‘(wdd ¢4 03 ¢4 38 uot opuiony) wdd (7 01 T 3B JEN
Y3m pajeas3 9gels 1uadsainb e sisejqoiqy projdip uewny

Copyright © National Academy of Sciences. All rights reserved.



‘weidoid £30]001x0] [euoneN LN ‘opronf wnipos JeN ‘opuiony wnisseiod Y :SNOLLVIATIIIY

‘orIqaliaA Jo mmwoﬁvwcﬁmu.ﬁmo

9661  T0J wSTUBYIIW 2[qIssod SIpIA0IJ

msinsy, *SEUWI0D1BS091ISO PIP[d14 1By} 'SINOY 84 Pue 7 10J NW (']
pue sarpnis £301u9douIed JIN  PUEB ¢°() 3B SUOLIBIIDJE SWOSOWOIYD "UOIBIIIQE [EWOSOWOIYD LBSSY
TSy J0 uedio 1081e) [ENUAOJ JO S9SBAIOUT PANR[PI-2S0(]  "SABP € 01 T SIWAUWNILIT JEN] "S[[99 [eIqIIoA (N/p+€d) 18
q+00C (Aesse 10wo0))) s1sa10ydoa1d9d [93 [[90 9[3uls :Aessy
‘Te oewrep  “simoy ¢ 10] Tui/3d 00T pue ‘9¢ ‘g7’ 18 JEN UM Parea],
oxrqry VNJ pue1s-3[3uls Ul asea1dur N *S[[90 ATBAO I2ISUIBY 2SAUTYD)
"Ye21q pUE UONBIIIQE [BUTOSOWOIYD :KBSSY
“JeN ueyl *SINOY 9¢
S661 A3 10 1038213 APYSI]S SI09FH U 10 ‘4T “TT 105 INT 00T 03 1°0 A Pue BN Y3im pajeaiy,
ey pue JeN ‘Nt ('] I $199539 e *S[[90 MOIIBW dUOQ PaInind (Lopme-oandelds) ey
SOUIAYY SyIRWY s3urpurq Kessy pue poyiaj/waisLg 10 uonemndog

Fluoride in Drinking Water: A Scientific Review of EPA's Standards
310

http://www.nap.edu/catalog/11571.html

ponuiuoy 1-01T HT1dV.L

Copyright © National Academy of Sciences. All rights reserved.



Fluoride in Drinking Water: A Scientific Review of EPA's Standards
http://www.nap.edu/catalog/11571.html

GENOTOXICITY AND CARCINOGENICITY 311

indicate very low probability of a mutagenic risk for humans (NRC 1993;
WHO 2002; ATSDR 2003).

Chromosomal Changes and DNA Damage

This section describes studies of fluoride’s effects on chromosomes and
chromatids, formation of micronuclei, and DNA damage. Chromosomal
alterations can include changes in chromosome number (aneuploidy) and
aberrations of the chromosomes (before DNA synthesis) or chromatids (af-
ter DNA synthesis). (Nondisjunction or translocation of chromosome 21,
producing Down’s syndrome, is discussed in Chapter 6 on Reproductive
and Developmental Effects.) Classification of chromosome/chromatid aber-
rations has become standardized in recent years: some types of aberrations
(e.g., chromatid gaps) are judged to be less important in evaluating effects
on chromosomes than other major aberrations (e.g., breaks and transloca-
tions). SCE is not known to be on the causal pathway of any adverse health
effects, but it is considered a generic indication of exposure to substances
that can affect chromosomal structure, many of which are also carcinogens.
The SCE assay is a helpful and widely used assay because of its greater sen-
sitivity at lower concentrations than chromosome aberrations. Fewer cells
need to be scored in order to establish with confidence whether an increase
in SCEs has occurred in a specific test system.

Micronuclei are DNA-containing bodies derived from chromosomal
material that is left behind during mitosis. Either a faulty mitotic process or
chromosomal breaks can cause this phenomenon. Micronuclei can be visual-
ized in nondividing cells. The relatively new “Comet assay” detects single-
strand DNA damage in individual cells using microgel electrophoresis.

Effects on cell survival (cytotoxicity) and effects on cell division are
commonly investigated and reported in the course of conducting in vitro
cytogenetic studies, and they are included in the summary below.

Human Cells In Vitro

Interpreting the health significance of observed cytogenetic effects on
human cells in culture depends on the dose, timing of application relative to
the point in the cell cycle, and type of cultured cells, among other factors.
As of the 1993 NRC report, the existing data of this type were inconsistent
regarding the cytogenetic effects of fluorides. Since that time, Tsutsui et al.
(1995) applied sodium fluoride (NaF) at or near concentrations found in
water supplies (1 to 10 ppm, equivalent to 0.45 to 4.5 ppm fluoride ion)
to diploid fibroblasts for up to 3 weeks and did not observe clastogenicity.
Aardema and Tsutsui (19935) using a similar cell system found aberrations
only above 50 ppm. The cell phases at which these effects were observed
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suggested that the underlying mechanism of the chromosomal aberrations
might be interference by fluoride with DNA synthesis and repair. In human
diploid IMR90 cells, Oguro et al. (1995) observed clastogenicity only above
5 ppm NaF after short- and long-term applications. Gadhia and Joseph
(1997) noted that 20 and 30 ppm NaF but not 10 ppm, caused aberrations.
No effects on SCEs were seen in their study. Recently, Wang et al. (2004)
used the Comet assay to study genotoxicity in human embryo hepatocytes
after treatment with NaF. They observed a dose-related increase in single-
strand DNA damage at concentrations of 40, 80, and 160 mg/L.

Other Mammalian Systems In Vitro

Previous studies with a wide variety of test systems found cytogenetic
effects in some but not all systems used (NRC 1993; WHO 2002; ATSDR
2003).

Recent studies with in vitro rodent systems include those by Khalil and
Da’dara (1994) and Khalil (1995). They evaluated effects on cultured bone
marrow cells of Sprague-Dawley rats after exposure to NaF or potassium
fluoride (KF) at concentrations ranging from 0.1 pM to 0.1 uM (up to 2
ppm fluoride) for 12 to 36 hours. They did not observe increased SCE levels
at any concentration, although there was dose-dependent cytotoxicity. Both
NaF and KF induced chromosomal aberrations in a dose-dependent man-
ner between 0.1 and 100 pM. Mihashi and Tsutsui (1996) studied effects
on cultured vertebral cells of F344/N rats after 1 to 3 days of 9 to 18 ppm
NaF treatment and found dose-dependent increases in chromosomal aberra-
tions based on time and concentrations. Kishi and Ishida (1993) compared
activity of NaF on chromosome aberrations for a series of cell lines from
rodents, prosimians, great apes, and humans. Clastogenicity by 42 to 252
ppm NaF was seen only in the great ape and human cell lines. Their work
thus indicates a greater sensitivity to fluoride in human than in rodent cells.
In an older study not included in the NRC (1993) report, Jagiello and Lin
(1974) reported that in vitro exposure of oocytes to NaF disrupted meiotic
anaphase of ewes and cows but not of mice. The effective doses were the
same order of magnitude as those reported by NRC in 1993 to cause chro-
mosome aberrations in human lymphocytes. In vivo tests performed only in
mice indicated that fluoride was not genotoxic, even at high doses. Ribeiro
et al. (2004b) used the Comet assay to assess effects of NaF on Chinese
hamster ovary cells in vitro. No damage was observed at concentrations of
up to 100 pg/mL.
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Rodent Systems In Vivo

Zeiger et al. (1994) administered NaF in drinking water for 6 weeks
to B6C3F, mice and assayed micronuclei and chromosome aberration oc-
currences. They observed no increases over unexposed controls. Similarly,
Dunipace et al. (1996) exposed diabetic and nondiabetic Zucker male rats
to fluoride concentrations up to 50 mg/L in water for up to 6 months. They
found no increase in the rate of SCEs for any test group.

Ribeiro et al. (2004a) exposed Wistar rats to NaF at 7 and 100 mg/L in
drinking water for 6 weeks. Comet assays of peripheral blood, oral mucosa,
and brain cells in vivo showed no increase in single-strand DNA damage.

Nonmammalian Systems In Vivo

Previous work on nonmammalian systems was sparse but did not
indicate consistent cytogenetic effects. No new relevant studies have been
reported.

Human Cells In Vivo

The NRC 1993 report noted the absence of human in vivo genotoxic-
ity studies. Since 1993, important contributions to the evaluation of geno-
toxicity of fluoride have been in the area of cytogenetic studies of human
populations exposed via diverse routes to various fluorides. Studies of hu-
man populations have the advantage of evaluating pertinent concentrations
in a physiologically relevant context, despite the limitations inherent in all
epidemiologic observational studies of not controlling for all factors that
might be pertinent. Relevant studies are summarized below according to
route of exposure.

Ingestion Route

The most well-documented in vivo human study published was that of
Y. Lietal. (1995), who assayed the fluoride concentrations in water, plasma,
and urine in more than 700 individuals. Six groups of 120 subjects resided
in different locales with average naturally occurring fluoride concentra-
tions in drinking water varying between 0.2 and 5 mg/L. They observed
that, although plasma and urine fluoride concentrations varied with water
concentrations, the groups of subjects living in the regions with higher con-
centrations of fluoride had lower average SCEs per cell. The study controlled
for the nutritional status of the subjects. Subsequently, Jackson et al. (1997)
compared SCE occurrence in lymphocytes of residents of communities with
water fluoride concentrations of 0.2, 1, and 4 mg/L. Residents of the 4-mg/L
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fluoride community had more average SCEs. In a follow-up study, there
was no difference between the mean SCE level of a subsample of residents
using the 4-mg/L. community water and another sample of residents using
0.3-mg/L well water.

The following three less-well-documented studies reported associations
between cytogenetic effects and residence in areas with high natural fluoride
concentrations in drinking water. Sheth et al. (1994) published a preliminary
investigation of SCEs in 100 residents of Gujarat, India, with fluorosis and
21 unaffected controls. They reported higher SCE rates among the fluorosis
cases as well as higher fluoride concentrations in the cases” water. The design
of this study was seriously deficient, particularly because of the possibility
of selection bias; cases and controls were recruited from different areas
(cases were from areas with higher naturally occurring fluoride in drinking
water). Additionally, clinical criteria for case definition were not adequately
documented. Wu and Wu (1995) examined peripheral blood lymphocytes in
a small series (n = 53) of residents in a high-natural-fluoride area (4 to 15
mg/L) and 30 control residents from a low-fluoride area (<1 mg/L) of Inner
Mongolia. SCEs and micronuclei were more frequent only among subjects
with fluorosis and not among those with higher exposures who did not ex-
hibit fluorosis. The report had a dearth of information on subject selection
and on control of potential confounding factors. Joseph and Gadhia (2000)
later compared residents of three villages that had drinking water concentra-
tions of fluoride at 1.6 to 3.5 mg/L with residents of Gujarat, India, where
there is fluoride in residential drinking water at 0.7 mg/L . Chromosome ab-
errations were strongly elevated in residents of all three of the villages. SCE
rates were elevated only in residents of one of those, and the same village’s
residents also demonstrated higher chromosome aberrations in mitomycin-
C-treated lymphocytes. Only 14 individuals were tested from each village,
and the method of subject selection was not reported.

Van Asten et al. (1998) found no cytogenetic effects (aberrations,
micronuclei, or cell cycle progression) on cultured lymphocytes in women
who had been treated with fluoride (22.6 to 33.9 mg/day) for osteoporosis
for 1 to 4 years.

Inbalation and/or Dermal Routes

Two articles published by Meng et al. (1995) and Meng and Zhang
(1997) described cytogenetic assays in phosphate fertilizer workers. Inhala-
tion of fluoride is the principal chemical exposure in these plants. The air
concentrations of fluoride ranged from 0.5 to 0.8 mg/m? at the time of the
study. Chromosomal aberrations, micronuclei, and SCEs were all elevated
in exposed workers. The length of exposure did not show a dose-dependent
relationship with these cytogenetic effects; those working at the plant for 5
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to 10 years had the greatest effect compared with those working for more
than 10 years or less than § years. It is not clear, however, whether length
of employment is a pertinent exposure metric concerning the plausibility of
cytogenetic risk of fluoride for this cohort.

Cell Transformation

Cell transformation is the conversion of normal cells to neoplastic cells
in vitro. In the 1993 NRC report, the positive transformation results re-
ported were largely in Syrian hamster embryo (SHE) cells for which results
cannot be extrapolated to human systems or other cell types (NRC 1993).
However, in the one study that included an additional system, BALB/3T3
mouse cells (Lasne et al. 1988), transformation was observed with NaF at
25 to 50 ppm primarily in a promotional model with a known carcinogen
as an initiator, suggesting this mechanism for a potential carcinogenic effect
of fluoride. Since that time, the only additional pertinent publication is by
Matthews et al. (1993), who also used a BALB/3T3 system with assay modi-
fications to increase sensitivity. They tested numerous chemicals including
1.2 to 4.6 mM NaF (19 to 193 ppm), which did not exhibit transformational
activity according to their criteria.

DNA Synthesis and Repair

A report from India (Ramesh et al. 2001) described a case series of 20
osteosarcoma patients of which the two with the highest fluoride concen-
trations in their tumor tissue had mutations of the tumor-suppressor gene
pS53 and the others did not. The normal p53 allele appears to protect cells
from some mutagenic exposures by enhancing DNA repair mechanisms,
and the dominant, null mutation is often found in soft tissue and osteosar-
comas (Wadayama et al. 1993; Hung and Anderson 1997; Semenza and
Weasel 1997). However, it should be noted that the fluoride concentration
reported in the tumors with p53 mutations (i.e., 64,000 and 89,000 mg/kg
versus 1,000-27,000 mg/kg in the remaining patients) exceed the theoretical
maximum fluoride concentration of 37,700 mg/kg in bone (see Chapter 3).
No data were presented regarding drinking water concentrations or other
sources of fluoride exposures for those patients. The observations in this
small case series are consistent with a role of fluoride in p53 mutations that
could influence the development of osteosarcoma.

No other studies on DNA synthesis or repair have been found since
those reviewed in the 1993 NRC report. Previous results were inconsistent
but suggested that a mechanism for genotoxicity might be secondary to
inhibition of protein or DNA synthesis (NRC 1993).
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Update on Genotoxicity Conclusions and Recommendations of NRC
(1993)

Overall, the results in in vitro systems summarized above are incon-
sistent and do not strongly indicate the presence or absence of genotoxic
potential for fluoride. In 1993, NRC concluded that the existing genotoxic-
ity data probably were not of “genetic significance.” There were no specific
1993 NRC recommendations regarding genotoxicity studies, although the
report did mention the dearth of human in vivo assays. The more recent
literature on in vitro assays does not resolve the overall inconsistencies in
the earlier literature.

The human population in vivo studies published during the past 10
years comprise a new body of data that might be pertinent to evaluating the
genotoxic potential of fluoride; those population studies by definition inte-
grate the pharmacokinetic contexts and actual cell environment parameters
resulting from external exposures, whether via water or other environmental
media. However, the inconsistencies in the results of these in vivo studies
do not enable a straightforward evaluation of fluoride’s practical genotoxic
potential in humans.

CARCINOGENICITY

Animal Cancer Studies

Two studies were judged in the 1993 NRC review as adequate for the
consideration of carcinogenic evidence in animals: an NTP study in F344/
N rats and B,C,F, mice (NTP 1990) and studies in Sprague-Dawley rats
(Maurer et al. 1990) and in CD-1 mice (Maurer et al. 1993). The latter
study in CD-1 mice was in press at the time of the NRC (1993) review. Two
neoplasms were noted in the weight-of-evidence discussion:

1. Positive dose-related increase in the trend (P = 0.027) of osteosar-
coma in male F344/N rats through drinking water route of exposure (NTP
1990)

2. Positive increase of osteoma in male and female CD-1 mice through
dietary inclusion exposure (Maurer et al. 1993).

The review concluded that “the collective data from the rodent fluoride
toxicological studies do not present convincing evidence of an association
between fluoride and increased occurrence of bone cancer in animals” (NRC
1993).

Since the publication of the 1993 NRC review, the discussion on the
uncertainties and overall weight of evidence in animals was further ex-
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panded (WHO 2002; ATSDR 2003). Most of the uncertainties had already
been highlighted in the NTP study. However, the nature of uncertainties in
the existing data could also be viewed as supporting a greater precaution
regarding the potential risk to humans. The key issues are presented in this
section. In addition, the committee found another NTP study that adds to
the database on fluoride.

NTP Studies

In the chronic bioassays by NTP (1990), F344/N rats and B,C,F, mice
were administered NaF in drinking water at of 25, 100, and 175 mg/L, 7
days per week for 2 years. A summary of the neoplasms found is presented
in Table 10-2. Osteosarcomas of the bone were found in male rats (1 of
50 and 3 of 80 in the mid- and high-dose groups, respectively) but not in
female rats or in mice. An additional male rat in the 175-mg/L group had
osteosarcoma of the subcutaneous tissue. Rats and mice exhibited tooth
discoloration, and male rats had tooth deformities and attrition.

To adequately assess the oncogenicity of a chemical, it is important
that the dose range used in the study is sufficiently high, attaining the
maximum tolerated dose (MTD) or minimally toxic dose. There was a
lack of significant toxicity of NaF in F344/N rats and B,C,F, mice, which
suggested that higher doses could be tolerated (NTP 1990). Thus, it can be
argued that the oncogenicity of fluoride in drinking water cannot be fully
assessed on the basis of this study. Although this could be the case for the
study in mice, given that rats at the high dose already showed various tooth
abnormalities, higher-dose treatment might interfere with the rat’s ability
to eat (NTP 1990).

Increased incidence of osteosarcoma was reported in the high-dose
male rats (Table 10-2). Opinion differs regarding the appropriateness of
including the one case of extraskeletal osteosarcoma in the remaining inci-
dence of osteosarcomas found in vertebrae and humerus (NTP 1990; PHS
1991; ATSDR 2003). The incidence from all sites gives stronger statistical
significance than from the bone alone, lowering the P value from P = 0.027
to P = 0.01 for dose- related trend (logistic regression test) and from P =
0.099 to P = 0.057 for the pair-wise comparison with the controls (NTP
1990). A comparison with the historical control series was also presented,
although its significance was compromised because of the higher fluoride in
the standard diet used for the historical data, and because the radiograph
used in the fluoride drinking water study was not routinely used in bone
examinations (NTP 1990). Osteosarcoma is a rare tumor in rats. More re-
cent historical data from Haseman et al. (1998) became available after the
data from Haseman et al. (1985) that were used for the evaluation in the
fluoride drinking water study. The data published in 1985 included studies
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TABLE 10-2 Incidence of Neoplasms Highlighted in the NTP and
Maurer et al. Studies

NaF in Drinking Water (NTP 1990)°

Site of Neoplasm Control 25 mg/L 100 mg/L 175 mg/L
Male F344/N rats

Osteosarcoma: bone 0/80 (0%)+ 0/51 (0%) 1/50 (2%) 3/80 (4%)
Osteosarcoma: all sites  0/80 (0%)++  0/51 (0%) 1/50 (2%) 4/80 (5%)
Oral cavity® 0/80 (0%) 1/51 (2%) 2/50 (4%) 3/80 (4%)
Thyroid® 1/80 (1%)+ 1/51 (2%) 1/50 (2%) 4/80 (5%)
Female F344/N rats

Osteosarcoma: bone 0/80 (0%) 0/50 (0%) 0/50 (0%) 0/81 (0%)
Osteosarcoma: all sites  0/80 (0%) 0/50 (0%) 0/50 (0%) 0/81 (0%)
Oral cavity? 1/80 (1%) 1/50 (2%) 1/50 (2%) 3/81 (4%)
Thyroid® 2/80 (3%) 0/50 (0%) 2/50 (4%) 2/81 (2%)
NaF in Drinking Water (NTP 1992)

Site of Neoplasm Control 250 mg/L

Male F344 rats

Osteosarcoma: bone 2/49 (4%) 1/49 (2%)

NaF in Diet (Maurer et al. 1993)4

Site of neoplasm Control 4 mg/kg/day 10 mg/kg/day 25 mg/kg/day
Male CD-1 mice

Osteoma: bone 1/50 (2%) 0/42 (0%) 2/44 (5%) 13/50 (26%)***
Female CD-1 mice

Osteoma: bone 2/50 (3%) 4/42 (10%) 2/44 (5%) 13/50 (26%)**

aStatistical significance: trend test at P <0.05 (+); P <0.01 (++). Fisher pair-wise comparison
at P <0.01 (**); P <0.001 (***). The average daily dose for the male rat control, 25-, 100-,
or 175-mg/L group was 0.2, 0.8, 2.5, or 4.1 mg of fluoride/kg/day.

bIncluded squamous papillomas and squamous cell carcinomas in oral mucosa, tongue, or
pharynx.

“Follicular cell adenomas or carcinomas.

4The given dose is in NaF. Adjusted for the 45% weight difference between fluoride and NaF,
the dose for the treatment group was 1.8, 4.5, or 11.3 mg of fluoride/kg/day. Fluoride intake
for the control mice was 0.9 mg of NaF/kg/day (0.4 mg of fluoride/kg/day) for the males and
1.1 mg of NaF/kg/day (0.5 mg of fluoride/kg/day) for the females.

completed between 1979 and 1984, whereas the data published in 1998
were a 7-year collection up to January 1997. The 1990-1997 data showed
a lower historical incidence of 0.1% (range 0% to 2%) each for bone and
for all skin sites (Haseman et al. 1998). Ideally, historical data closer to the
time frame of the bioassay of comparison would be more pertinent. On
the basis of the 1990-1997 data, the incidence of osteosarcoma at the high
dose appeared to exceed the historical range. Nevertheless, the same issues
in making comparisons with historical data remain—historical control
animals were not fed a low-fluoride diet and their bones were probably not
examined with radiograph.
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Additionally highlighted in the NTP report were the oral cavity squa-
mous papillomas and squamous cell carcinomas (oral mucosa, tongue,
pharynx) in male and female rats and thyroid follicular cell adenomas and
carcinomas in high-dose male rats (Table 10-2). Both showed some increase
with dose. The incidence at the high dose exceed the historical control but
stayed within the high end of the historical range and was not statistically
significant from the concurrent control. The marginal increase in these
neoplasms might not provide additional weight to the overall evidence of
oncogenicity, but their occurrence could serve as an additional guide for
epidemiologic studies.

Among the other tumor sites and types highlighted in the NTP report as
not statistically and biologically significant was the hepatocellular neoplasm
(adenoma, carcinoma, hepatoblastoma, and hepatocholangiocarcinoma) in
male and female mice (NTP 1990). Among these neoplasms, five in male and
four in female treatment groups (unspecified) were reported by the contract
laboratory as hepatocholangiocarcinoma (NTP 1990). All but one in the
females were reclassified into hepatoblastoma by the NTP pathology work-
ing group (NTP 1990). The incidence of these rare neoplasms not seen in the
concurrent controls (historical hepatoblastoma of 0/2,197 in male mice and
1/2,202 in female mice) was judged as not significant when grouped with the
more common hepatocellular adenomas and carcinomas (NTP 1990).

Another study conducted by NTP (1992, released in 2005) that bears
on the carcinogenicity evaluation of fluoride is one that investigated the
interaction of fluoride on the development of osteosarcoma induced by
ionizing radiation. Pertinent to the committee’s evaluation was a group of
nonirradiated male F344 rats that were administered NaF at 250 mg/L in
drinking water for two years. Of the 49 rats per group that were examined,
osteosarcoma of the bone occurred in one NaF treated rats and two non-
irradiated controls. Thus, the results did not show an increase of osteosar-
coma with NaF. However, this single data point does not have sufficient
statistical power for detecting low level effects and rendered its observed
results statistically compatible with those from the NTP (1990) bioassay.
It is noteworthy that the study had the unexpected result that none of the
irradiated animals developed osteosarcoma.

Maurer et al. Studies

Maurer et al. (1990, 1993) fed Sprague-Dawley rats and CD-1 mice
diets containing NaF at doses of 4, 10, and 25 mg/kg/day for up to 99 weeks
(rats) or 97 weeks (mice). Evidence of toxicity included decreased weight
gain in the high-dose rats and non-neoplastic changes of the teeth (rats and
mice), bones (rats and mice), joints (mice), and stomach (rats). In rats, no
incidence of preneoplastic or neoplastic lesions was significantly different
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from that in controls. In mice, increased incidence of osteomas (noncancer-
ous bone tumors) was reported (Table 10-2).

The many limitations of the studies in rats and mice were identified in
the earlier NRC (1993) review. The histopathologic examination of bones
was not performed for all test animals (PHS 1991; WHO 2002; ATSDR
2003). Data on neoplasm were reported only for the bone and stomach.
Moreover, based on the joint review by the Carcinogenicity Assessment
Committee, Center for Drug Evaluation and Research, and U.S. Food and
Drug Administration, questions were raised about the adequacy of the his-
topathologic examinations (PHS 1991). In the original report, fibroblastic
sarcoma with areas of osteoid formation, chordoma, and chondroma were
found in the males and osteosarcoma and chondroma were found in the
females. However, the joint review discovered additional osteosarcoma in
males and females. Collectively, those discrepancies called into question the
weight of this negative study in the overall weight-of-evidence consideration
(PHS 1991).

In the study with CD-1 mice, increased osteoma was reported in males
and females at the high dose (Maurer et al. 1993). The authors reported
that retrovirus infection in mice from all test groups might have confounded
the occurrence of osteoma. The earlier NRC (1993) review considered the
impact of the infection and concluded that the fluoride exposure was the
most obvious cause for the increase in osteoma. However, based on the view
of the Armed Forces Institute of Pathology (AFIP) that the osteomas were
more reminiscent of a hyperplastic lesion, NRC (1993) concluded that their
relevance to humans was questionable.

Human Cancer Studies

General Issues

Inherent difficulties for conducting epidemiologic studies of the cancer
potential of fluoride and drinking water are similar to those challenges of
studying most environmental chemicals. The limitations severely affect the
possibility of identifying relatively small effects on cancer incidence and,
especially, cancer mortality. Chief among them are the latency of cancer
diagnosis after exposure to causal factors, typically spanning more than 10
years and often reaching 30 years. Migrations into and out of fluoridated
areas often lead to misclassification of exposures when individual residency
histories are not known. The diversity of cancers, comprising many differ-
ent diseases rather than a single entity, necessitates evaluating each type of
cancer separately rather than all cancers combined. Even so, there are few
cancers for which specific environmental chemicals impart high attributable
risks for the overall population or even among exposed populations.
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The basic criteria for evaluating studies are appropriate methodology,
potential selection and information biases, statistical power to detect real
associations, appropriate time windows for assessing exposures and poten-
tial effects, and control for potential confounding by sociodemographic and
other factors. In addition, sufficiently specific end points (types of cancer)
and adequate exposure estimation are necessary for any epidemiologic
study of fluoride and cancer to be informative for the committee’s task. A
further issue is consideration of sensitive subpopulations based on a priori
physiologic or previous epidemiologic data. Finally, it is necessary to apply
biologic plausibility criteria and a weight-of-evidence approach to evaluate
whether any observed associations should be interpreted as causal.

Many of the studies published before and since the 1993 NRC report
are “ecologic studies.” In these designs, populations rather than individu-
als are the units of observation. A typical ecologic study regresses disease
rates in different areas against average exposures. Such studies are usually
less expensive and less time-consuming to conduct because the component
data are already available. Incidence data are often very reliable if they
are derived from high-quality population-based registries and census data.
However, ecologic studies are often insensitive to small effects because of
their design. The Agency for Toxic Substances and Disease Registry (ATSDR
2003) estimated that the ecologic studies performed to date for fluoride and
cancer did not have sensitivities to detect less than 10% to 20% increases
in cancer risk. Ecologic studies can be subject to large amounts of bias.
Confounding factors and limited ability to control for such factors can be
particularly serious problems (see Appendix C for a more detailed discus-
sion of ecologic bias).

In semi-individual (partially ecologic) designs, individual-level infor-
mation is collected for outcome and important variables, but exposure is
assigned at the group level (e.g., based on residence or job title). Although
such studies can share some characteristics of fully ecologic studies, they
have much better ability to control confounding (see Appendix C).

Individual-based studies are composed of (1) case-control studies in
which a group of people with a disease are compared with a sample of
the population giving rise to the cases (controls) with regard to exposures
that occurred before diagnosis, (2) cohort studies in which exposed and
nonexposed people are followed forward in time and the disease experi-
ence of the two groups are compared, and (3) hybrids of these case-control
and cohort designs. In environmental epidemiology, generally hundreds of
subjects are required to detect with statistical significance any less than a
twofold increase in risk of disease associated with a particular exposure.
If an environmental agent is a weak carcinogen, with risks as low as 1 per
100,000 or 1 per 1,000,000 of those affected, it is extremely difficult to
detect such effects by standard epidemiologic methods. This is particularly
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true of cohort studies, which would need to enroll large numbers of sub-
jects to detect differences between exposed and unexposed cohorts when
the risks are low.

Epidemiology Data for Carcinogenicity of Fluoride

The weight of evidence for epidemiologic studies that NRC reviewed
in 1993 did not indicate cancer risk to humans from fluoride exposure.
However, the predominant methods used, particularly ecologic studies for
which individual exposure histories could not be collected and confounding
variables could not be controlled, were inadequate to rule out a weak effect.
Some studies reported positive associations and some did not, but many of
the studies were flawed in that adjustment for potential sociodemographic
confounders was lacking or inadequate.

Epidemiologic studies published since the early 1990s and other perti-
nent studies not included in the 1993 NRC review are detailed in Table 10-3.
The data are discussed below according to target sites for which associations
with fluoride have been reported by at least one study.

Bone and Joint Cancers, Particularly Osteosarcoma

Osteosarcoma presents the greatest a priori plausibility as a potential
cancer target site because of fluoride’s deposition in bone, the NTP animal
study findings of borderline increased osteosarcomas in male rats, and the
known mitogenic effect of fluoride on bone cells in culture (see Chapter
5). Principles of cell biology indicate that stimuli for rapid cell division
increase the risks for some of the dividing cells to become malignant, either
by inducing random transforming events or by unmasking malignant cells
that previously were in nondividing states. Osteosarcoma is a rare disease,
with an overall annual incidence rate of approximately 0.3 per 100,000 in
the United States (Schottenfeld and Fraumeni 1996). The age of diagnosis
is bimodal with peaks before age 20 and after age 50.

The incidence and mortality studies of osteosarcoma reviewed by NRC
1993 were ecologic or semi-ecologic in design. Their results were contradic-
tory and inconclusive. The incidence studies of Hoover et al. (1991) at the
National Cancer Institute observed that osteosarcoma rates in young males
increased in the fluoridated areas compared with the nonfluoridated areas of
two SEER registries they analyzed (lowa and Seattle). However, the authors
concluded that an association of fluoridation and osteosarcoma was not
supported by the data because there was no linear trend of increased rate
of osteosarcoma with the duration of fluoridation of the pertinent water
supplies. The Hrudey et al. (1990) osteosarcoma incidence study in Alberta,
Canada, and the Freni and Gaylor (1992) mortality analysis of bone cancer
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for 40 cancer registries worldwide found no evidence of association with
fluoride.

Cohn (1992) in New Jersey had findings suggestive of an association of
fluoride in public water with increased osteosarcoma in young males. The
osteosarcoma rate ratio among males below age 20 in the Cohn analysis,
based on 20 cases, was 3.4 (95% confidence interval [CI] 1.8 to 6). Ma-
honey et al. (1991) generated bone cancer and osteosarcoma incidence rate
ratios for the years 1975-1987 for fluoridated and nonfluoridated counties
of New York State (excluding New York City). The authors did not observe
an association of fluoridation and osteosarcoma or other bone cancers for
either gender, including for those younger than age 30.

As discussed above, strengths of all the ecologic studies included the
largely complete ascertainment of cases through the population-based can-
cer registries; the chief limitation is the potential for large amounts of bias
and poor ability to adjust for covariates.

Since the 1993 NRC report, Yang et al. (2000)! conducted an ecologic
analysis of cancer mortality in 20 municipalities in Taiwan, half with mea-
surable naturally occurring fluoride concentrations. They controlled for
urbanization and sociodemographic variables. Bone cancers (not specifically
osteosarcoma) were nonsignificantly elevated (rate ratio [RR] of 1.6, 95%
CI 0.92 to 2.17) in males but decreased in females (RR of 0.87, 95% CI
0.52 to 1.44). The range of fluoride concentrations was not reported, but
the median and mean were about 0.25 mg/L.

Also since 1993, four individual-based studies have been published.
Gelberg (1994) and Gelberg et al. (1995) conducted a population-based
case-control study of osteosarcoma before age 25 in New York State. It
included 130 cases and one matched control for each case. Controls were
drawn from birth certificates, with replacement for those that could not
be located. Parents and/or patients were interviewed regarding residence
history and exposure to fluoride through drinking water, consumer dental
products, dental supplements, and fluoride treatments. Analyses were con-
ducted according to estimated lifetime dose of fluoride in total milligrams
from each source of potential exposure, both separately and combined.
When data on all subjects were analyzed, total fluoride exposures showed
an inverse relationship with osteosarcoma. Use of fluoride gels had strong
negative associations with osteosarcoma. Based on the parents’ interviews
alone (97% of subjects), the authors found negative associations with to-
tal estimated fluoride intake from all sources, particularly due to a strong
negative association of osteosarcoma with estimated quantities of fluoride
ingested from toothpaste. Odds ratios (ORs) were above 1.0 for all catego-

IThis study did not analyze age subgroups and, therefore, did not address particular risk
for young males or females.
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ries of lifetime fluoride intake from drinking water compared with those
with zero estimated intake from that source, particularly among females.
This distinction is particularly noteworthy because Gelberg et al. had higher
estimates of the relative contributions of fluoride from toothpaste ingestion
compared with drinking water than those reflected in Chapter 2 of this
report (see Figure 2-1). The source of the study’s estimates of toothpaste
ingestion was not specified, but the relative proportions were most similar
to those shown in Figure 2-1 for ages 2 to 6. If the relative contributions
from toothpaste were exaggerated, then the findings regarding fluoride
specifically from drinking water could arguably be given greater weight.
Analyses of average annual fluoride exposure did not differ markedly from
the observations on cumulative exposure estimates, thereby controlling to
some degree for age of diagnoses.

A reduced set of 59 respondent pairs who were the actual patients or
their controls (i.e, excluding proxies) showed positive associations, with
very wide Cls, for both fluoridated water alone and for total fluoride ex-
posure (only combined genders were analyzed in this smaller series). There
were no analyses using lagged exposure estimates to consider hypothetical
latencies between potential exposures and diagnosis of osteosarcoma, so it
is possible that inclusion of nonpertinent exposures could lead to misclas-
sification of relevant exposures.

Gelberg et al. concluded that their study showed no association of os-
teosarcoma and fluoride exposure. To date, this study is the closest to fulfill-
ing the recommendation of the 1993 NRC report regarding conducting one
or more analytic studies of osteosarcoma and fluoride exposure. However,
no bone fluoride concentrations could be assessed through this design.

Moss et al. (1995) conducted a case-control analysis of osteosarcoma
in Wisconsin by using only public records (without interviews). For the
167 cases, 989 cancer controls were selected from the state cancer registry
among patients with other types of cancer (brain, digestive system). The
study controlled for size of town, age at diagnosis, and radium levels in
drinking water and did not observe an association of fluoridation at the
time of case diagnosis with osteosarcoma. Because exposure classifications
were assigned without interviews or other sources of residence history or
water source data, this design is similar to that of a semiecologic study. The
authors also examined young age groups specifically.

A pilot hospital-based case-control study of patients under age 40 was
published by McGuire et al. (1991), indicating a nonsignificant negative
association with a small series of osteosarcomas (34 cases and matched
controls). A full-scale case-control study by this group (Douglass 2004) is
now under way. Its design is described below because of its potential for
future contribution to this issue.

Grandjean et al. (1992) and Grandjean and Olsen (2004) conducted
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a historical cohort study among cryolite production workers in Denmark
who previously had been documented to suffer high rates of skeletal fluo-
rosis. Cryolite is composed of about 50% fluoride, and the workers were
not believed to be exposed to suspected carcinogens of any other type via
their work. The authors did not control for smoking. There were no bone
fluoride measurements. However, daily dose of fluoride to these workers
during their time of employment could be estimated at about 30 mg/day.
Over many years of employment, workers’ exposure would tend to greatly
exceed chronic exposures from ingestion of fluoride at the current MCL of
4 mg/L. No osteosarcoma incident or mortality cases were observed among
their 522 subjects, and, given the rarity of osteosarcoma, the authors con-
cluded an 18-fold upper bound on the relative risks of this disease from the
exposures encountered by their cohort.

The central research chapter of an unpublished dissertation by Bassin
(2001) on fluoride and osteosarcoma has recently become publicly available.
The author described the work as exploratory. The report has important
strengths and major deficits, some of which are described below.

The design is a case-control study of people under 20 years of age from
11 teaching hospitals in the United States. Cases (n = 91) were retrospec-
tively ascertained and 188 controls were hospitalized patients in the same
orthopedics departments. Controls were matched with cases according
to distance of residence from the hospital. Hospital-based controls can
introduce serious selection bias; osteosarcomas treated at the participating
teaching hospitals are more likely to be representative of all osteosarcomas
occurring in the surrounding populations, whereas patients treated for
fractures or other common orthopedic ailments at these teaching hospitals
may not be as representative of the overall population that gave rise to the
cases. If fluoride exposure is either a risk factor or a protective factor for
the group of hospitalized controls (e.g., fracture patients), the resulting rela-
tive risk estimates could be biased downward or upward, respectively. For
example, the dissertation did not provide any data on what proportion of
the controls comprised fracture patients.

All subjects or their surrogates were interviewed about lifetime resi-
dence history, a strength of the design. However, individual information
on key socioeconomic factors such as education and income was not col-
lected. Average income levels based on zip codes were used but might not
reflect individual socioeconomic status. Lack of such information can be
problematic if socioeconomic status, or factors for which it is a surrogate,
introduce confounding.

The primary exposure metrics for fluoride in drinking water were based
on a combination of data from the Centers for Disease Control and Preven-
tion, states, locales, and purveyors on year-specific water system fluoride
concentrations expressed as proportions of the recommended fluoride
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guidelines. Based on tertiles for the controls, three exposure categories were
expressed as 100%, 30% to 99%, and <30% of the target concentrations
for fluoridated water.

A unique feature of the analysis published in the literature so far was
an exploratory analysis of ORs for each specific year of age. Bassin found
elevated ORs for the highest tertile compared with the lowest centering on
ages 6 to 8. At age 7, the respective ORs (and 95% confidence intervals)
were 7.2 (1.7 to 30.0) for males and 2.0 (0.43 to 9.28) for females. For
the highest tertile, graphed results for males indicated a gradual increase
and then a decrease of estimated relative risk from exposure at ages 0 to
15 with peaks at age 7, with the middle tertile, compared with the lowest,
showing stable ORs across all ages. For females, both the middle and high-
est tertiles of exposure showed relatively unchanging relative risk estimates
across exposure ages.

There was no analysis of cumulative exposures to fluoride, and there-
fore it is difficult to compare the Gelberg study, which used only cumulative
exposure indices, with the Bassin work. This dissertation had a paucity of
data in the results section, hampering its interpretation; for example, the
report did not provide numbers of subjects in the categories upon which
the ultimate analyses were based. Also, there were no data on bias potential
stemming from nonparticipation of subjects due to refusal to be included
or inability to locate them.

Nevertheless, the higher ORs for males than for females, and the highest
ORs at ages 6 to 8, during what the author describes as the “mid-child-
hood growth spurt for boys,” are consistent with some previous ecologic or
semiecologic studies (Hoover et al. 1991; Cohn 1992) and with a hypothesis
of fluoride as an osteosarcoma risk factor operating during these ages. A
publication based on the Bassin thesis is expected in the spring/summer of
2006 (E. Bassin, personal communication, Jan. 5, 2006). If this paper pro-
vides adequate documentation and analyses or the findings are confirmed
by another study, more weight would be given to an assessment of fluoride
as a human carcinogen.

A relatively large hospital-based case-control study of osteosarcoma
and fluoride exposure is under way (Douglass 2004) and is expected to be
reported in the summer of 2006 (C. Douglass, Harvard School of Dental
Medicine, personal communication, January 3, 2006). Most of the incident
cases are identified via eight participating medical centers in California, Dis-
trict of Columbia, Florida, Illinois, Massachusetts, Nebraska, and Ohio. The
study has prospectively identified 189 incident cases of osteosarcoma and
289 hospital controls. Controls are orthopedic patients at the same hospitals
as osteosarcoma patients and include patients diagnosed with malignancies
other than osteosarcoma and other patients admitted for benign tumors,
injuries, and inflammatory diseases. Matching criteria include gender, age,
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and geographic characteristics. The investigation includes residence histo-
ries and detailed interviews about water consumption as well as fluoride
assays of bone specimens and toenails of all subjects. The ultimate analysis
and validity of this study will depend partly on the degree to which control
selection is not biased in such a way as to artificially increase or decrease
the likelihood of fluoride exposure compared with the general population
to which this study is intended to apply.

A preliminary retrospective recruitment phase of this investigation,
including telephone interviews, residential history reconstruction, and an
attempt to estimate dietary fluoride intakes, reported ORs of 1.2 to 1.4 that
were not statistically significant (Douglass 2004). No confidence intervals
were provided. The Douglass study may have limited statistical power to
detect a small increase in osteosarcoma risk due to fluoride exposure, but the
committee expects the forthcoming report is likely to be a useful addition
to the weight of evidence regarding the presence or degree of carcinogenic
hazard that fluoride ingestion might pose to osteosarcoma risk, particularly
if it addresses some of the limitations of hospital-based studies that are men-
tioned above in the description and critique of the Bassin thesis.

Kidney and Bladder Cancers

The plausibility of the bladder as a target for fluoride is supported
by the tendency of hydrogen fluoride to form under physiologically acid
conditions, such as found in urine. Hydrogen fluoride is caustic and might
increase the potential for cellular damage, including genotoxicity. The
Hoover et al. (1991) analyses of the Iowa and Seattle cancer registries in-
dicated a consistent, but not statistically significant, trend of kidney cancer
incidence with duration of fluoridation. This trend has not been noted in
other publications, although Yang et al. (2000) observed that the adjusted
mortality rate ratios of kidney cancers among males in Taiwan was 1.55
(95% CI 0.84 to 2.84). The analogous rate for females was 1.37 (95% CI
0.51 to 3.70). Yang et al. noted statistically significant RRs in females for
bladder cancer (RR = 2.79, 95% CI 1.41 to 5.55; for males RR = 1.27,
95% CI1 0.75 to 2.15).

The Grandjean et al. (1992) and Grandjean and Olsen (2004) histori-
cal occupational cohort study of cryolite workers in Denmark (described
earlier in the section on bone and joint cancers), who were followed from
1941 to 2002, observed an elevated standardized incidence ratio (SIR) for
bladder cancers (SIR = 1.67, 95% CI 1.02 to 2.59). The SIR is the ratio
of observed cases of cancer to the expected number of cases based on inci-
dence rates of the general population. Higher SIRs were seen among males
employed more than 10 years, males less than 35 years old when follow-up
began, and among workers observed after a minimum latency of 30 years
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(Grandjean and Olsen 2004). In the absence of data on smoking, the au-
thors interpreted the higher SIRs for bladder cancer than for lung cancer
to suggest that smoking was unlikely to be the major cause of the elevated
bladder cancer incidence. The authors proposed (2002) that excretion of
fluoride compounds entailed exposure of the pertinent target tissues. As
noted above, the estimated exposures of the cryolite workers were about
4-fold greater than those estimated from ingestion of fluoridated water at
the MCL of 4 mg/L. However, those workers were exposed for fewer years
than those involved in lifetime residency.

Romundstad et al. (2000) reported on cancer among Norwegian alumi-
num workers exposed to polycyclic aromatic hydrocarbons and fluorides.
SIRs for bladder and lung cancer were elevated among the exposed workers.
However, separate effects from the two exposures could not be distinguished
from this paper. Further, the authors review and compare earlier studies that
used different aluminum plant processes, which support the role of polycy-
clic aromatic hydrocarbons in bladder cancer among the exposed cohort. It
may be noteworthy that smoking did not appear to be a confounder for the
risk of bladder or lung cancer among the exposed cohort. The authors state,
but do not present data, that they found a “weak association” of bladder
for fluoride exposures lagged less than 20 years.

Oral-Pharyngeal Cancer

The NCI analysis (Hoover et al. 1991) indicated an a priori interest in
oral cancers. In Towa, one of the two cancer registries they analyzed, the
authors observed a trend among males in the incidence rates of oropha-
ryngeal cancer with duration of fluoridation, but mortality analyses did
not indicate an association with fluoridation. However, in an earlier study
in England, oral-pharyngeal cancers among females constituted the only
site-gender category for which standardized mortality ratios in England
were found to be significantly elevated in areas with naturally occurring
high fluoride concentrations, defined as more than 1.0 mg/L. Twenty-four
site-gender combinations were examined for 67 small areas (Chilvers and
Conway 1985).

Uterine Cancer

An association of uterine cancer (combination of cervical and corpus
uteri) with fluoridation was reported by Tohyama (1996), who observed
mortality rates in Okinawa before and after fluoridation was terminated,
controlling for sociodemographics. This analysis is a follow-up of the
positive results from a previous exploratory analysis that comprised a large
number of comparisons conducted by this researcher with the same data

Copyright © National Academy of Sciences. All rights reserved.



Fluoride in Drinking Water: A Scientific Review of EPA's Standards
http://www.nap.edu/catalog/11571.html

332 FLUORIDE IN DRINKING WATER

set. The only other recent publication to report on uterine cancers is that of
Yang et al. (2000), who observed a mortality rate ratio of 1.25 with 95%
CI of 0.98 to 1.60.

Other Specific Cancers

Respiratory cancers were elevated among the cohort of Danish cryolite
miners for whom exposure was by the inhalation route (Grandjean et al.
1992; Grandejan and Olsen 2004; see discussions above on this cohort
study). SIRs of 1.51 (95% CI 1.11 to 2.01) were observed for the cohort
as a whole, with higher SIRs among those after 30 years of exposure and
among males younger than 35 when follow-up began. No smoking data
on the cohort were collected. Also, except for mortality among females in
Taiwan (Yang et al. 2000), there has not been corroborating data from other
analyses for respiratory cancers.

No association between lung cancer and exposure to polycyclic aro-
matic hydrocarbons and fluorides was found in a study of the Norwegian
aluminum industry (Romundstad et al. 2000).

The NCI incidence or mortality analyses conducted by Hoover et al.
(1991) observed a few suggestive increases among some subgroups for soft
tissue sarcoma, non-Hodgkin’s lymphoma, colorectal cancer, and lip cancer,
but those cancers were not a priori of concern as related to fluoride exposure
based on biologic plausibility.

All Cancers Combined

A large number of mortality analyses for all cancers combined have been
reported and reviewed previously (NRC 1993; McDonagh et al. 2000a),
and most of those did not detect an association of combined cancer mor-
tality with fluoridated water. Typically, studies that only report combined
cancer rates are not informative for assessing possible associations between
an environmental exposure and a specific cancer outcome, particularly an
uncommon cancer. Thus, the committee did not use these types of studies
as part of its evaluation.

Other Studies Evaluated

The following three studies were reviewed but were not included by
the committee in the evaluation of weight of evidence of carcinogenicity of
fluoride for the reasons summarized below.

Takahashi et al. (2001) conducted an ecologic analysis of data from
nine U.S. cities for three 5-year intervals spanning 1978-1992 combined
with fluoridation data. Their analysis involved regression of log-transformed
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cancer incidence rates on the log-transformed proportion of residents re-
ceiving fluoridated water. This paper is difficult to interpret and to compare
with other studies in part because of its novel method of analysis. Unusual
cancer subsites are included and major anatomical groupings typically
appearing in cancer incidence reports (e.g., lymphocytic leukemia, breast,
uterus) were omitted. Results were incompletely reported for subsets of
data for particular cancer sites, creating issues of multiple comparisons and
selective presentation. Another issue is that the ecologic exposure variable
is the percentage of the population in each area with fluoridated water (or
naturally occurring fluoride at 0.7 mg/L or higher). This is an aggregated
form of a dichotomous variable on the individual level, which tends to bias
results away from the null. There was inconsistent standardization of the
outcome variable (which was age standardized) and the exposure variable
(which was not), which can lead to bias. There was no adjustment for
confounding by urbanization or other sociodemographic factors among
the nine cities, which included widely different geographic, industrial, and
demographic characteristics, and there was no population weighting by size.
Finally, ecologic bias is best understood for linear or log-linear regression,
making this study harder to interpret.

Steiner (2002) conducted an ecologic analysis of latitude, temperature,
and fluoridated water in 49 cities worldwide. When fluoride concentrations
were unavailable for these cities, he substituted data from neighboring areas.
Average daily temperature and latitude were also included in his models, but
not simultaneously. Steiner analyzed only all cancers combined. He found a
negative association between cancer incidence and fluoridation.

Yiamouyiannis (1993) subtracted female from male cancer incidence
rates for the United States and for New Jersey as an indication of fluoride’s
carcinogenic effect among males. This paper used circular reasoning to reach
a conclusion of causality; that is, it concluded that higher cancer rates in
males indicate an association with fluoride on the basis of a presumed cau-
sation by fluoride of cancers in males. Because most cancers do not occur
at the same rates in each gender, the committee judges it is inappropriate to
subtract rates of women from those of men as a means of evaluating factors
that only affect bone cancer in males.

It has been suggested that differences in osteosarcoma rates found in
provinces of Kenya could be related to fluoride exposure (C. Neurath,
Fluoride Action Network, unpublished data, June 17, 2005). For eight
provinces of Kenya, Neurath correlated enamel fluorosis prevalences re-
ported by Chibole (1987) with osteosarcoma incidence rates reported by
Bovill et al. (1985) and found a strong association. This type of fully eco-
logic analysis (see Appendix C) has its inherent advantages and limitations;
in this instance, however, the underlying ratios of observed-to-expected
osteosarcoma incidence are not reliable because Bovill et al. do not state
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that their incidence data were adjusted for differences in the age structure
of various provincial populations. Bovill et al. state that Kenya is charac-
terized by strong contrasts of ethnicity and other demographics among its
geographic regions. The provincial summaries are weighted averages of the
children examined, but it is not stated if they are also weighted averages
of the underlying populations. Chibole does not state how the children
examined in Kenyan schools and hospitals were selected (i.e., whether the
fluorosis prevalence data collected were ascertained in a manner that would
accurately reflect the populations of the component provinces). Chibole’s
detailed table indicates a wide range of prevalences of fluorosis within many
of the provinces (e.g., from 3.7% to 69.5% in the Rift Valley province).

Summary of Cancer Epidemiology Findings

The combined literature described above does not clearly indicate that
fluoride either is or is not carcinogenic in humans. The typical challenges
of environmental epidemiology are magnified for the evaluation of whether
fluoride is a risk factor for osteosarcoma. These challenges include: detec-
tion of relatively low risks, accurate exposure classification assessment of
pertinent dose to target tissues, multiple causes for the effect of interest,
and multiple effects of the exposure of interest. Assessing whether fluoride
constitutes a risk factor for osteosarcoma is complicated by (1) how uncom-
mon the disease is, so that cohort or semi-ecologic studies are not based on
large numbers of outcomes, and (2) the difficulty of characterizing biologic
dose of interest for fluoride because of the ubiquity of population exposure
to fluoride and the difficulty of acquiring bone samples in nonaffected
individuals.

In summary, there has been partial but incomplete fulfillment of NRC’s
recommendations on individual-based cancer studies in the intervening
years since 1993; one analytic study of osteosarcoma has been published,
but bone samples were not included. The alternative (hospital-based) design,
including bone assays, from the Harvard group might be more useful in
addressing this issue.

EPA GUIDELINES AND PRACTICE IN SETTING MCLGs
REGARDING CARCINOGENICITY

The EPA Office of Drinking Water establishes MCLGs of zero for con-
taminants that are known or probable human carcinogens. Chemicals for
which cancer hazard is judged to be absent are regulated via the reference
dose (RfD) method (see Chapter 11). “Methodology for Deriving Ambient
Water Quality Criteria for the Protection of Human Health (2000)” re-
viewed EPA’s additional practice of applying an uncertainty factor between
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“1 and 10” to an RfD derived from noncancer health effects (EPA 2000d).
This procedure has been used for substances judged to be possibly carcino-
genic in humans. That methodology document also stipulates that the water
concentrations estimated to result in 10~¢ to 10~ excess cancer risks should
also be assessed under the RfD scenario for comparison.

As of April 2005, EPA has adopted new “Guidelines for Carcinogen
Risk Assessment,” which has replaced the 1986 categories with weight-of-
evidence descriptors, involving textual consideration and explanation of
how each category was arrived at. In addition, the Guidelines provide for
consideration of mode of action and sensitive subpopulations, especially
children (EPA 2005a,b). In addition to mode of action, other factors for
weighing human epidemiologic studies and lifetime whole animal bioassays
include data on biomarkers (genotoxicity and other assays of exposure, sus-
ceptibility, and effect) and toxicokinetics. Thus, key decisions about cancer
pertinent to a MCLG for drinking water include an assessment of whether
an MCLG of zero is appropriate based on the current epidemiologic, animal
bioassay, and additional contributing data. If not, EPA will need to decide
whether an uncertainty (safety) factor greater than 1.0 and up to 10.0
should be applied to an RfD derived from a precursor response to tumors.

Some recent examples of the use by EPA of RfDs with additional safety
factors imposed because of possible carcinogenic hazard, based on the July
1999 Cancer Guidelines, include the MCLG for disinfection by-products
(EPA 2003c¢). For dibromochloromethane (DBCM), EPA imposed an ad-
ditional uncertainty factor of 10 to account for possible carcinogenicity
based on studies of DBCM by NTP in 1985 that showed an increase in
liver tumors in both genders of mice but no increase in either gender of
rats. Similarly for trichloroacetic acid (TCA), an additional uncertainty
factor of 10 was added to the MCLG derived from the RfD; TCA induced
liver tumors in mice but not in rats. The MCLGs for all regulated chemicals
considered to be possible carcinogens has included the additional 10-fold
risk management factor applied to the RfD (J. Donohue, EPA, personal
commun., 2004).

FINDINGS
The 1993 NRC report recommended the following:

Conduct one or more highly focused, carefully designed analytical studies (case
control or cohort) of the cancer sites that are most highly suspect, based on data
from animal studies and the few suggestions of a carcinogenic effect reported
in the epidemiological literature. Such studies should be designed to gather
information on individual study subjects so that adjustments can be made for
the potential confounding effects of other risk factors in analyses of individu-
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als. Information on fluoride exposure from sources other than water must be
obtained, and estimates of exposure from drinking water should be as accurate
as possible. In addition, analysis of fluoride in bone samples from patients and
controls would be valuable in inferring total lifetime exposures to fluoride.
Among the disease outcomes that warrant separate study are osteosarcomas
and cancers of the buccal cavity, kidney, and bones and joints.

As described above, some progress in those directions have been made, with
the most comprehensive study still in progress (Douglass 2004).

Fluoride appears to have the potential to initiate or promote cancers,
particularly of the bone, but the evidence to date is tentative and mixed
(Tables 10-4 and 10-5). As noted above, osteosarcoma is of particular
concern as a potential effect of fluoride because of (1) fluoride deposition
in bone, (2) the mitogenic effect of fluoride on bone cells, (3) animal results
described above, and (4) pre-1993 publication of some positive, as well as
negative, epidemiologic reports on associations of fluoride exposure with
osteosarcoma risk.

Several studies indicating at least some positive associations of fluoride
with one or more types of cancer have been published since the 1993 NRC
report. Several in vivo human studies of genotoxicity, although limited, sug-
gest fluoride’s potential to damage chromosomes. The human epidemiology
study literature as a whole is still mixed and equivocal. As pointed out by
Hrudey et al. (1990), rare diseases such as osteosarcoma are difficult to
detect with good statistical power.

In animal studies, the overall incidence of osteosarcoma in male rats
showed a positive trend. Based on the more recent historical control data
(Haseman et al. 1998) that were closer to the time frame of the NTP study,
the 4% to 5% incidence at the high dose might have exceeded the historical
range. The relevance of rat osteosarcoma to humans was discussed based on
the species differences in the development of long bone, the common site of
human osteosarcoma (NTP 1990). Specifically, ossification of human long
bones is completed by 18 years of age whereas it continues in rats through-
out the first year of life (PHS 1991). Nevertheless, most of the osteosarcomas
found in male rats were not in long bones.

In another study (NTP 1992), that used the same strain and sex of rats,
no increase in osteosarcomas was reported, even though the animals were
exposed to a higher concentration of fluoride than in the earlier study. How-
ever, the primary intent of the NTP (1992) study was to test the hypothesis
that ionizing radiation is an initiator of osteosarcoma and that fluoride is
a promoter, and the committee thought it was noteworthy that none of the
irradiated animals developed osteosarcomas.

The 1993 NRC review concluded that the increase in osteoma in male
and female mice (Maurer et al. 1993) was related to fluoride treatment.
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TABLE 10-4 Evidence Summary for Carcinogenicity of Fluoride:
Epidemiologic Studies and Rodent Lifetime Bioassays

Cancer Individual-Based Ecologic Epidemiology

Site/Type Epidemiology Studies Studies Animal Data

Osteosarcoma  Case-control studies Mixed. Male F344/N rats:
ambiguous (additional Borderline positive.
comprehensive hospital- Male F344 rats:
based case-control study inconclusive

including bone fluoride
measurements is under

way).
Oral cavity NCI incidence elevated ~ Nonstatistically
in males, but no significant increase
mortality trends. Several in male rats.
other reports positive.

Thyroid Nonstatistically
significant increase
in male rats.

Kidney and/or  Occupational cohort: Some positive reports.

bladder positive finding, inhalation

route, high exposures.
Uterine One positive report.
Respiratory Occupational cohort One positive report.

positive finding, inhalation
route, high exposures.

TABLE 10-5 Evidence Summary for Carcinogenicity of Fluoride:
Genotoxicity and Mechanistic Assays

Type of Effect and Assay Strength of Evidence
Mitogenesis Well established.
Cytogenetic effects: human in vivo Inconsistent; and the positive findings were
exposure, in vitro assay. from weak papers.
Cytogenetic effects: human in vitro Inconsistent.
exposure, in vitro assay.
Cytogenetic effects: other mammalian Inconsistent.
systems.
Transformation. Inconsistent; the positive results are consistent
with a promotion mechanism.
DNA repair mechanism: human. Suggestive positive finding regarding tumor
suppressor gene, small case series.
Mutation: mammalian systems. Inconsistent.
Mutation: microorganisms. Negative.
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Although the subsequent review by AFIP considered these mouse osteomas
as more closely resembling hyperplasia than neoplasia, given that osteoma is
widely recognized as neoplastic, the evidence of osteoma remains important
in the overall weight-of-evidence consideration. The increased incidence
and severity of osteosclerosis in high-dose female rats in the NTP study
demonstrated the mitogenic effect of fluoride in stimulating osteoblasts and
osteoid production (NTP 1990) (see also Chapter 5).

The genotoxicity data, particularly from in vivo human studies, are also
conflicting; whereas three were positive on the basis of the ingestion route
(Sheth et al. 1994; Wu and Wu 1995; Joseph and Gadhia 2000), all three
of these reports had serious deficits in design and/or reporting, including the
characterization of how the study populations were selected and whether
the exposed and unexposed study subjects were comparable. Two studies
(Meng et al. 1995; Meng and Zhang 1997) were positive for the inhalation
route among workers in a phosphate fertilizer factory, although other con-
taminants cannot be ruled out as the causal factors. Contrasting negative
observations by other investigators (Li et al. 1995; Jackson et al. 1997; Van
Asten et al. 1998) must also be considered.

RECOMMENDATIONS

Carcinogenicity

e The results of the Douglass et al. multicenter osteosarcoma study
(expected in the summer of 2006) could add important data to the current
body of literature on fluoride risks for osteosarcoma because the study in-
cludes bone fluoride concentrations for cases and controls. When this study
is published, it should be considered in context with the existing body of
evidence to help determine what follow-up studies are needed.

e Further research on a possible effect of fluoride on bladder cancer
risk should be conducted. Since bladder cancer is relatively common (com-
pared with osteosarcoma), both cohort and case-control designs would
be feasible to address this question. For example, valuable data might be
yielded by analyses of cancer outcomes among the cohorts followed for
other health outcomes, such as fractures (see Chapter 3).

Genotoxicity

e The positive in vivo genotoxicity studies described in the chapter
were conducted in India and China, where fluoride concentrations in drink-
ing water are often higher than those in the United States. Further, each had
a dearth of information on the selection of subjects and was based on small
numbers of participants. Therefore, in vivo human genotoxicity studies

Copyright © National Academy of Sciences. All rights reserved.



Fluoride in Drinking Water: A Scientific Review of EPA's Standards
http://www.nap.edu/catalog/11571.html

GENOTOXICITY AND CARCINOGENICITY 339

in U.S. populations or other populations with nutritional and sociodemo-
graphic variables similar to those in the United States should be conducted.
Documentation of subject enrollment with different fluoride concentrations
would be useful for addressing the potential genotoxic hazards of fluori-
dated water in this country.
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Drinking Water Standards for Fluoride

The U.S. Environmental Protection Agency (EPA) has three standards
for fluoride in drinking water: a maximum-contaminant-level goal (MCLG),
a maximum contaminant level (MCL), and a secondary maximum contami-
nant level (SMCL). In this chapter, the committee reviews the MCLG and
SMCL for fluoride, the two nonenforceable standards, for their scientific
basis and adequacy for protecting the public from adverse effects. First,
an overview of current procedures for establishing exposure standards is
provided, and risk assessment issues that have developed since the original
MCLG and SMCL for fluoride were established are discussed.

CURRENT METHODS FOR SETTING STANDARDS
FOR DRINKING WATER

To establish MCLGs for drinking water, EPA reviews studies of health
effects of individual contaminants and uses the information to calculate
an exposure level at which no known or anticipated adverse health effects
would occur with an adequate margin of safety. MCLGs consider only pub-
lic health and not the limits of detection or treatment technology, so they
may be set at concentrations that water systems cannot achieve.

Noncarcinogenic Contaminants
For noncarcinogenic chemicals, the MCLG is based on the reference

dose, which is defined as an estimate (with uncertainty spanning perhaps
an order of magnitude or greater) of a daily dose to the human population
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(including susceptible subpopulations) that is likely to have no appreciable
risk of deleterious health effects during a lifetime. The reference dose char-
acterizes exposure conditions that are unlikely to cause noncancer health
effects, which are typically assumed to have a threshold dose above which
adverse health effects would be expected to occur.

Traditionally, reference doses are determined by identifying the most
sensitive health effects that are relevant to the human, selecting a no-ob-
served-adverse-effect level (NOAEL) or a lowest-observed-adverse-effect
level (LOAEL), and dividing the NOAEL or LOAEL by one or more uncer-
tainty factors to provide a margin of safety. Uncertainty factors are applied
to address uncertainties with using experimental animal data for human
effects (interspecies differences) to account for variable susceptibilities in
the human population (intraspecies differences), to adjust for differences
between the LOAEL and NOAEL when a LOAEL is used instead of a NO-
AFL (LOAEL-to-NOAEL extrapolation), to account for uncertainties with
predicting chronic exposure effects on the basis of subchronic exposure
studies (subchronic to chronic extrapolation), and to address uncertainties
when the database on the chemical is inadequate. Sometimes a modifying
factor is used to account for additional uncertainty not addressed by the
standard uncertainty factors.

Typically, uncertainty factors are assigned values ranging from 1 to 10.
If information about a factor is sparse and uncertainty is high, a default
value of 10 is generally used. If information is available, the uncertainty
factor might be reduced to 1. For an uncertainty factor that falls between
1 and 10, a factor of 3 is typically assigned, because 3 is the approximate
logarithmic mean of 1 and 10, and it is assumed that the uncertainty factor
is distributed lognormally (EPA 1994). To calculate a reference dose, the
NOAEL or LOAEL is divided by the product of the uncertainty factors.
EPA typically uses a maximum of 3,000 for the product of four uncertainty
factors that individually are greater than 1 and a maximum of 10,000 with
five uncertainty factors (Dourson 1994).

More recently, the benchmark dose is being used as the starting point
for calculating reference doses. The benchmark dose is a dose with a speci-
fied low level of excess health risk, generally in the range of 1% to 10%,
which can be estimated from data with little or no extrapolation outside
the experimental dose range. Specifically, the benchmark dose is derived by
modeling the data in the observed experimental range, selecting an incidence
level within or near the observed range (e.g., the effective dose producing
a 10% increased incidence of response), and determining the upper confi-
dence limit on the model. To account for experimental variation, a lower
confidence limit or uncertainty factors on the benchmark dose are used to
ensure that the specified excess risk is not likely to be exceeded.

To derive an MCLG, the reference dose is multiplied by a typical adult
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body weight of 70 kg and divided by an assumed daily water consumption
of 2 L to yield a drinking water equivalent level. That level is multiplied
by a percentage of the total daily exposure contributed by drinking water
(usually 20%) to calculate the MCLG. EPA then uses the MCLG to set an
enforceable standard (the MCL). The MCL is set as close to the MCLG as
feasible.

Carcinogenic Contaminants

EPA sets MCLGs of zero for contaminants that are known or probable
human carcinogens. For chemicals judged to be possibly carcinogenic to
humans, EPA has recently begun applying an uncertainty factor between
1 and 10 to the reference dose derived from noncancer health effects to
determine some exposure standards, such as certain ambient water-quality
criteria (EPA 2000d). EPA stipulates that the water concentrations estimated
toresultin 1 x 107° to 1 x 10~ excess cancer risks should also be compared
with the reference dose.

NEW RISK ASSESSMENT CONSIDERATIONS

Since the fluoride MCLG and SMCL were originally issued, there have
been a number of developments in risk assessment. A few of those issues
were described above in the discussion of current risk assessment practices
(e.g., use of benchmark dose). Below, a few specific issues relevant to the
committee’s review of the drinking water standards for fluoride are dis-
cussed, including advances in carcinogenicity assessment, relative source
contribution, special considerations for children, and explicit treatment of
uncertainty and variability.

Carcinogenicity Assessment

In 20035, EPA issued its new Guidelines for Carcinogen Risk Assessment
(EPA 2005a) as a replacement for its 1986 guidelines (EPA 1986). The re-
vised guidelines were issued partly to address changes in the understanding
of the variety of ways in which carcinogens can operate. For example, the
guidelines provide a framework that allows all relevant biological infor-
mation to be incorporated and the flexibility to consider future scientific
advances.

The guidelines provide several options for constructing the dose-re-
sponse relationship, in contrast to the single default dose-response rela-
tionship of the 1986 cancer guidelines. Biologically based extrapolation is
the preferred approach for quantifying risk. It involves extrapolating from
animals to humans based on a similar underlying mode of action. However,
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in the absence of data on the parameters used in such models, the guidelines
allow for alternative quantitative methods. In the default approaches, re-
sponse data are modeled in the range of observation and then the point of
departure or the range of extrapolation below the range of observation is
determined. In addition to modeling tumor data, other kinds of responses
are modeled if they are considered measures of carcinogenic risk. Three
default approaches—linear, nonlinear, and both—are provided. Curve fit-
ting in the observed range provides the effective dose corresponding to the
lower 95% limit on a dose associated with a low level of response (usually
in the range of 1% to 10%). That dose is then used as a point of departure
for extrapolating the origin as the linear default or for a margin of exposure
as the nonlinear default.

Other modifications of interest in the new guidelines include the
following:

e All biological information and not just tumor findings is considered
in the hazard-assessment phase of risk assessment.

e Mode of action is emphasized to reduce the uncertainty in describing
the likelihood of harm and in determining the dose-response approaches.

e A weight-of-evidence narrative replaces the 1986 alphanumeric
classification categories. The narrative describes the key evidence, potential
modes of action, conditions of hazard expression, and key default options
used.

e Direction is provided on how the overall conclusion and the con-
fidence about risk are presented and a call is made for assumptions and
uncertainties to be clearly explained.

Relative Source Contribution

EPA has developed a relative source contribution policy for assess-
ing total human exposure to a contaminant. Under this policy, nonwater
sources of exposure are considered in development of the reference dose.
The percentage of total exposure typically accounted for by drinking water
is applied to the reference dose to determine the maximum amount of the
reference dose “apportioned” to drinking water reflected by the MCLG
value. In the drinking water program, the MCLG cannot account for more
than 80% or for less than 20% of the reference dose (EPA 2000d). Typically,
a conservative approach is used by applying a relative source contribution
factor of 20% to the reference dose when exposure data are inadequate.
It is assumed that the major portion (80%) of the total exposure comes
from other sources, such as the diet. This policy contrasts with past “sub-
traction” methods of determining relative source contributions, in which
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sources of exposure other than drinking water were subtracted from the
reference dose.

In EPA’s Methodology for Deriving Ambient Water Quality Criteria for
the Protection of Human Health, a process called the exposure decision tree
(Figure 11-1) is proposed as another means for determining relative source
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contributions (EPA 2000d). This method considers the adequacy of avail-
able exposure data, levels of exposure, relevant sources/media of exposure,
and regulatory agendas. The exposure decision tree approach offers flex-
ibility in the reference dose apportionment among sources of exposure and
uses chemical information (e.g., chemical and physical properties, uses of the
chemical, environmental fate and transformation, likelihood of occurrence
in various media) when monitoring data are inadequate. The process also
allows for use of either the subtraction or the percentage method to account
for other exposures, depending on whether one or more health-based crite-
rion is relevant for the chemical in question. The subtraction method can be
used when only one criterion is relevant to a chemical. In those cases, other
sources of exposure can be considered “background” and can be subtracted
from the reference dose (EPA 2000d).

Risk to Children

In 1996, EPA’s Office of the Administrator issued Environmental Health
Threats to Children (EPA 1996b) and set an agenda that called for consid-
ering children’s risks in all EPA actions. Children are considered a special
subpopulation because their health risks can differ from those of adults as
a result of their immature physiology, metabolism, and differing levels of
exposure due to factors such as greater food consumption per unit of body
weight and outdoor play activities. Different levels of exposure for children
are typically considered in risk assessments, but the underlying toxicity data-
base often does not specifically address effects on children. Such limitations
in toxicity data are typically addressed by applying uncertainty factors to
protect susceptible populations. In 20035, EPA issued special guidance for as-
sessing susceptibility to carcinogens during early life stages (EPA 2005b).

FLUORIDE STANDARDS

Maximum-Contaminant-Level Goal

In 1986, EPA established an MCLG for fluoride of 4 mg/L to protect
against “crippling” (clinical stage III) skeletal fluorosis. At that time, a ref-
erence dose for fluoride was not available, and the MCLG was calculated
from a LOAEL of 20 mg/day estimated from case studies (Moller and
Gudjonsson 1932), the assumption that adult water intake is 2 L per day,
and the application of a safety factor of 2.5. EPA selected the safety factor
to establish an MCLG that was in agreement with a recommendation from
the U.S. Surgeon General (see Chapter 1).

The committee considered three toxicity end points for which there
were sufficient relevant data for assessing the adequacy of the MCLG for
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fluoride to protect public health: severe enamel fluorosis, skeletal fluorosis,
and bone fractures.

Severe Enamel Fluorosis

In the past, moderate to severe forms of enamel fluorosis were consid-
ered to be aesthetically displeasing but not adverse to health, largely because
there was no direct evidence that moderate-to-severe enamel fluorosis, as ob-
served in the United States, had resulted in tooth loss, loss of tooth function,
or psychological problems. In reviewing the collective evidence, the com-
mittee considered moderate and severe forms of the condition separately.
Severe enamel fluorosis is characterized by enamel loss and pitting. This
damage compromises enamel’s protective barrier and can make the teeth
more susceptible to environmental stresses and to caries formation because
it allows bacteria, plaque, and food particles to become entrapped in the
enamel. Caries is dental decay caused by bacterial infection. When the infec-
tion goes unchecked, cavities may form that can cause toothache and tooth
sensitivity to temperature and sweets. If cavities are untreated, the infection
can lead to abscess, destruction of bone, and spread of the infection to other
parts of the body (USDHHS 2000). While increased risk of caries has not
been firmly established, the majority of the committee found that destruc-
tion of the enamel and the clinical practice of treating the condition even
in the absence of caries provide additional lines of evidence for concluding
that severe enamel fluorosis is an adverse health effect. Severe enamel fluo-
rosis occurs at an appreciable frequency, approximately 10% on average,
among children in U.S. communities with water fluoride concentrations at
or near the current MCLG of 4 mg/L. Thus, the committee concludes that
the MCLG of 4 mg/L is not protective against severe enamel fluorosis.

Two of the 12 members of the committee did not agree that severe
enamel fluorosis should now be considered an adverse health effect. They
agreed that it is an adverse dental effect but found that no new evidence has
emerged to suggest a link between severe enamel fluorosis, as experienced in
the United States, and a person’s ability to function. They judged that dem-
onstration of enamel defects alone from fluorosis is not sufficient to change
the prevailing opinion that severe enamel fluorosis is an adverse cosmetic
effect. Despite their disagreement on characterization of the condition, these
two members concurred with the committee’s conclusion that the MCLG
should prevent the occurrence of this unwanted condition.

Strong evidence exits that the prevalence of severe enamel fluorosis is
nearly zero at water fluoride concentrations to below 2 mg/L. For example,
Horowitz et al. (1972) found that partial defluorination of drinking water
from 6.7 mg/L to slightly below 2 mg/L prevented severe enamel fluorosis.
Moderate forms of enamel fluorosis decreased from 42% to 3%.
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Skeletal Fluorosis

Skeletal fluorosis is a bone and joint condition associated with pro-
longed exposure to high concentrations of fluoride. Fluoride increases bone
density and appears to exacerbate the growth of osteophytes in the bone
and joints, which leads to the radiological characteristics of the condition
and associated pain. Crippling skeletal fluorosis (or clinical stage III) is the
current basis of EPA’s MCLG. The term crippling historically has been used
to describe alterations in bone architecture and calcification of tissues that
progress to the degree that they limit an individual’s range of motion.

The committee judges that stage II skeletal fluorosis (the stage before
mobility is significantly affected) should also be considered an adverse health
effect. This stage is characterized by chronic joint pain, arthritic symptoms,
slightly calcified ligaments, increased osteosclerosis/cancellous bones, and
possibly osteoporosis of long bones (PHS 1991). No new studies and few
clinical cases of skeletal fluorosis in healthy U.S. populations have been re-
ported in recent decades. To determine whether EPA’s MCLG protects the
general public from stage II and stage III skeletal fluorosis, the committee
compared pharmacokinetic predictions of bone-fluoride concentrations and
historical data on iliac-crest bone-fluoride concentrations associated with
the different stages of skeletal fluorosis. It found that bone-fluoride con-
centrations estimated to be achieved from lifetime exposure to fluoride at
4 mg/L (10,000 to 12,000 milligrams per kilogram [mg/kg] ash) fall within
or exceed the ranges historically associated with stage II and stage III skel-
etal fluorosis (4,300 to 9,200 gm/kg ash and 4,200 to 12,700 mg/kg ash,
respectively). This suggests that the MCLG might not protect all individuals
from the adverse stages of the condition. However, stage III skeletal fluorosis
appears to be a rare condition in the United States, and the existing epide-
miologic evidence is insufficient for determining whether stage II skeletal
fluorosis is occurring in U.S. residents. Thus, before any conclusions can be
drawn, more research is needed to clarify the relationship between fluoride
ingestion, fluoride concentrations in bone, and stage of skeletal fluorosis.

Bone Fractures

The database on fluoride’s effects on bone fractures has expanded since
the earlier National Research Council (NRC) review. A number of obser-
vational studies have compared bone fracture rates between populations
exposed to different concentrations of fluoride in drinking water. The com-
mittee focused its review on studies involving exposure to fluoride near or
within the range of 2 to 4 mg/L. Several strong studies (Sowers et al. 1991;
Kurttio et al. 1999; Li et al. 2001) indicated an increased risk of bone frac-
ture, and the results of other studies (Sowers et al. 1986; Alarcon-Herrera et
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al. 2001) were qualitatively consistent with that finding. The one study using
serum fluoride concentrations found no appreciable relationship to fractures
(Sowers et al. 2005). Because serum fluoride concentrations may not be a
good measure of bone fluoride concentrations or long-term exposure, the
ability to show an association might have been diminished.

A larger database on clinical trials of fluoride as an osteoporosis treat-
ment was also reviewed. A meta-analysis of randomized clinical trials of
fluoride reported an elevated risk of new nonvertebral fractures (1.85, 95%
CI = 1.36, 2.50) and a slightly decreased risk of vertebral fractures (0.90,
95% CI = 0.71, 1.14) after 4 years (Haguenauer et al. 2000). An increased
risk of bone fracture was found among those studies. Although the doses of
fluoride were higher in the clinical trials than were experienced by people
drinking water with fluoride at 4 mg/L, the length of exposure was shorter.
Although comparison of these sets of data involves several assumptions, the
ranges of estimated concentrations of bone fluoride were similar in the clini-
cal trials (5,400 to 12,000 mg/kg ash) and observational studies (6,200 to
>1,000 mg/kg ash). Pharmacokinetic modeling indicates that these concen-
trations of fluoride in bone could result from lifetime exposure to fluoride
at 4 mg/L in drinking water.

Fracture risk and bone strength have been studied in animal models.
The studies have shown that fluoride increases bone mass but results about
its effect on the strength of bone are conflicting. Some investigators have
reported a biphasic effect on bone strength (Beary 1969; Rich and Feist
1970; Turner et al. 1992), with lower concentrations of fluoride increasing
strength and higher concentrations reducing it, but others have not found
this effect (Turner et al. 1995). The weight of the evidence from labora-
tory studies indicates that, although fluoride might increase bone volume,
strength per unit volume is lower. Studies of rats indicate that bone strength
begins to decline when fluoride in bone ash reaches the range of 6,000 to
7,000 mg/kg (Turner et al. 1992). Studies in rabbits have shown that fluoride
might decrease bone strength by altering the structural integrity of the bone
microarchitecture (Turner et al. 1997; Chachra et al. 1999). However, more
research is needed to address uncertainties associated with extrapolating
animal data on bone strength and fractures to humans.

Overall, there was consensus among the committee that there is scien-
tific evidence that under certain conditions fluoride can weaken bone and
increase the risk of fractures. The majority of the committee concluded that
lifetime exposure to fluoride at drinking water concentrations of 4 mg/L or
higher is likely to increase fracture rates in the population, compared with
exposure to 1 mg/L, particularly in some demographic subgroups that are
prone to accumulate fluoride in their bones (e.g., people with renal disease).
However, 3 of the 12 members judged that the evidence only supported a
conclusion that the MCLG might not be protective against bone fracture.
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These members judge that more evidence is needed that bone fractures oc-
cur at an appreciable frequency in human populations exposed to fluoride
at 4 mg/L before drawing a conclusion that the MCLG is likely to be not
protective.

Secondary Maximum Contaminant Level

EPA established an SMCL of 2 mg/L on the basis of cosmetically “ob-
jectionable” enamel fluorosis, defined as discoloration and/or pitting of
teeth. The SMCL was selected to prevent objectionable enamel fluorosis in
a significant portion of the population. EPA reviewed data on the prevalence
of moderate and severe enamel fluorosis and found that, at a fluoride con-
centration of 2 mg/L in drinking water, the prevalence of moderate fluorosis
ranged from 4% to 15% and that severe cases were observed at concentra-
tions above 2.5 mg/L. Because of the anticaries properties of fluoride, EPA
judged 2 mg/L to be an adequate upper-boundary guideline to limit the
occurrence of objectionable enamel fluorosis and provide some anticaries
benefit. The SMCL is not a recommendation to add fluoride to drinking
water. The SMCL is a guideline for naturally occurring fluoride to be used
by the states for reducing the occurrence and severity of enamel fluorosis,
a condition considered by EPA to be a cosmetic condition. If fluoride in a
community water system exceeds the SMCL but not the regulatory MCL,
a notice about the potential risk of enamel fluorosis must be sent to all cus-
tomers served by the system. The committee evaluated the SMCL only in
terms of its protection against adverse cosmetic and health effects, including
enamel fluorosis, skeletal fluorosis, and bone fracture. Prevention of caries
was not evaluated.

Enamel Fluorosis

The committee considers moderate enamel fluorosis to be a cosmetic
effect, because the available data are inadequate for categorizing the mod-
erate form as adverse to health on the basis of structural or psychological
effects. There are no studies since 1993 to assess the prevalence of enamel
fluorosis at 2 mg/L, but previous reports have shown a distinct increase
(approximately 15%) in moderate enamel fluorosis around 2 mg/L. Thus,
the SMCL will not completely prevent the occurrence of moderate enamel
fluorosis. As noted above, SMCL was intended to reduce the severity and
occurrence of the condition to 15% or less of the exposed population. The
available data indicates that less than 15% of children would experience
moderate enamel fluorosis of aesthetic concern (discoloration of the front
teeth). However, the degree to which moderate enamel fluorosis might go
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beyond a cosmetic effect to create an adverse psychological effect or an
adverse effect on social functioning is not known.

While a few cases of severe enamel fluorosis occasionally have been
reported in populations exposed at 2 mg/L, it appears that other sources
of exposure to fluoride or other factors contributed to the condition. For
example, similar rates of severe enamel fluorosis were reported in popula-
tions exposed to negligible amounts of fluoride in drinking water and in
populations exposed at 2 mg/L (Selwitz et al. 1995; Kumar and Swango
1999; Nowjack-Raymer et al. 1995). Thus, the committee concludes that
the SMCL of 2 mg/L adequately protects the public from the most severe
stage of the condition (enamel pitting).

Skeletal Fluorosis

Few new data are available on skeletal fluorosis in populations exposed
to fluoride in drinking water at 2 mg/L. Thus, the committee’s evaluation
was based on new estimates of the accumulation of fluoride into bone (iliac
crest/pelvis) at that concentration (on average 4,000 to 5,000 mg/kg ash)
and historical information on stage II skeletal fluorosis (4,300 to 9,200
mg/kg ash). A comparison of the bone concentrations indicates that life-
time exposure at the SMCL could lead to bone fluoride concentrations that
historically have been associated with stage II skeletal fluorosis. However,
as noted above, the existing epidemiologic evidence is insufficient for deter-
mining whether stage II skeletal fluorosis is occurring in U.S. residents, so
no quantitative conclusions could be made about risks or safety at 2-mg/L
exposures.

Bone Fracture

There were few studies to assess bone fracture risk in populations
exposed to fluoride at 2 mg/L in drinking water. The best available study
was from Finland, which provided data that suggested an increased rate
of hip fracture in populations exposed to fluoride at >1.5 mg/L (Kurttio et
al. 1999). However, this study alone is not sufficient to base judgment of
fracture risk for people exposed to fluoride at 2 mg/L in drinking water.
Thus, no quantitative conclusions could be drawn about fracture risk or
safety at the SMCL.

Susceptible Subpopulations

Populations in need of special consideration when determining the
MCLG and SMCL for fluoride include those at risk because their exposure
to fluoride is greater than that of the average person or because they are
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particularly vulnerable to the effects of fluoride. The first category includes
people who consume much larger volumes of water than assumed by EPA,
such as athletes and outdoor workers, who consume large volumes of water
to replace fluids lost because of strenuous activity, and people with medical
conditions that cause them to consume excessive amounts of water (e.g.,
diabetes insipidus). Individuals who consume well over 2 L of water per day
will accumulate more fluoride and reach critical bone concentrations before
the average water drinker exposed to the same concentration of fluoride in
drinking water. In Chapter 2, it was estimated that for high-water-intake
individuals, drinking water would contribute 92% to 98% of the exposure
to fluoride at 4 mg/L and 86% to 96% at 2 mg/L. Another consideration
is individuals who are exposed to other significant sources of fluoride, such
as occupational, industrial, and therapeutic sources.

There are also environmental, metabolic, and disease conditions that
cause more fluoride to be retained in the body. For example, fluoride re-
tention might be affected by environments or conditions that chronically
affect urinary pH, including diet, drugs, altitude, and certain diseases (e.g.,
chronic obstructive pulmonary disease) (reviewed by Whitford 1996). It
is also affected by renal function, because renal excretion is the primary
route of fluoride elimination. Age and health status can affect renal excre-
tion. Individuals with renal disease are of particular concern because their
ability to excrete fluoride can be seriously inhibited, causing greater uptake
of fluoride into their bones. However, the available data are insufficient to
provide quantitative estimates of the differences between healthy individuals
and people with renal disease.

Another category of individuals in need of special consideration in-
cludes those who are particularly susceptible or vulnerable to the effects
of fluoride. For example, children are vulnerable for developing enamel
fluorosis, because the condition occurs only when there is exposure while
teeth are being formed (the pre-eruption stages). Thus, children up to the
age of 8 are the susceptible subpopulation of concern for that end point.
The elderly are another population of concern because of their long-term
accumulation of fluoride into their bones. There are also medical conditions
that can make people more susceptible to the effects of fluoride.

Relative Source Contribution

At the time the MCLG was established for fluoride, a reference dose
was not available and the MCLG was calculated directly from available data
rather than as an apportioned part of the reference dose. In Chapter 2, the
committee shows that at 4 mg/L, drinking water is the primary contributor
to total fluoride exposure, ranging from 72% to 94% for average-water-
intake individuals and from 92% to 98% for high-water-intake individuals.
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At 2 mg/L, drinking water contributes 57% to 90% for average-water-in-
take individuals and 86% to 96% for high-water-intake individuals. Thus,
it is important that future revisions to the MCLG take into consideration
that water is a significant, and sometimes the most significant, source of
exposure to fluoride.

FINDINGS AND RECOMMENDATIONS

Maximum-Contaminant-Level Goal

In light of the collective evidence on various health end points and
total exposure to fluoride, the committee concludes that EPA’s MCLG of 4
mg/L should be lowered. Lowering the MCLG will prevent children from
developing severe enamel fluorosis and will reduce the lifetime accumulation
of fluoride into bone that the majority of the committee concluded is likely
to put individuals at increased risk of bone fracture and possibly skeletal
fluorosis, which are particular concerns for subpopulations that are prone
to accumulating fluoride in their bone.

Recommendation: To develop an MCLG that is protective of severe
enamel fluorosis, clinical stage II skeletal fluorosis, and bone frac-
tures, EPA should update the risk assessment of fluoride to include
new data on health risks and better estimates of total exposure
(relative source contribution) in individuals and to use current
approaches to quantifying risk, considering susceptible subpopula-
tions, and characterizing uncertainties and variability.

Secondary Maximum Contaminant Level

The prevalence of severe enamel fluorosis is very low (near zero) at fluo-
ride concentrations below 2 mg/L. However, from a cosmetic standpoint,
the SMCL does not completely prevent the occurrence of moderate enamel
fluorosis. EPA has indicated that the SMCL was intended to reduce the se-
verity and occurrence of the condition to 15% or less of the exposed popu-
lation. The available data indicates that fewer than 15% of children would
experience moderate enamel fluorosis of aesthetic concern (discoloration of
the front teeth). However, the degree to which moderate enamel fluorosis
might go beyond a cosmetic effect to create an adverse psychological effect
or an adverse effect on social functioning is not known.

Recommendations: Additional studies, including longitudinal stud-

ies, of the prevalence and severity of enamel fluorosis should be
done in U.S. communities with fluoride concentrations greater than
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1 mg/L. These studies should focus on moderate and severe enamel
fluorosis in relation to caries and in relation to psychological, be-
havioral, and social effects among affected children, among their
parents, and among affected children after they become adults.

To better define the aesthetics of enamel fluorosis, methods should
be developed and validated to objectively assess enamel fluorosis.
Staining and mottling of the anterior teeth should be distinguished
from staining of the posterior teeth so that aesthetic consequences
can be more easily assessed.
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the Society of Toxicology and the American Board of Toxicology. Dr. Doull
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Award from the International Society for Regulatory Toxicology and Phar-
macology, the Commanders Award for Public Service from the Department
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Governmental Industrial Hygienists. He was the first recipient of the John
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Society of Toxicology to recognize his contributions to the discipline of
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former vice chair of the Board on Environmental Studies and Toxicology.
He is a national associate of the National Academies. Dr. Doull received his
M.D. and Ph.D. in pharmacology from the University of Chicago.

KIM BOEKELHEIDE is professor and acting chair of the Department of
Pathology and Laboratory Medicine at Brown University. His research
interests are in male reproductive biology and toxicology, particularly the
potential roles of germ-cell proliferation and apoptosis and local paracrine
growth factors in regulating spermatogenesis after toxicant-induced injury.
Dr. Boekelheide serves on the NRC Committee on Toxicity Testing and
Assessment of Environmental Agents and has served on the Committee on
Gender Differences in Susceptibility to Environmental Factors: A Priority
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Assessment. He is a past member of the Board of Scientific Counselors of the
National Toxicology Program (NTP), currently serves on the NTP Center
for the Evaluation of Risks to Human Reproduction expert panel that is
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tutes of Health Center for Scientific Review Special Emphasis Panel, Fetal
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a member of grant review panels for the National Institutes of Health, the
National Institute of Mental Health, and the National Science Foundation.
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of Public Health.

JAYANTH V. KUMAR is director of the Oral Health Surveillance & Re-
search Unit, Bureau of Dental Health, at the New York State Department
of Health. He also holds an appointment as an associate professor in the
Department of Health Policy, Management, and Behavior at the School of
Public Health of the University at Albany, State University of New York. He
is a diplomate and former president of the American Board of Dental Public
Health. His research interests are in exposure to fluoride, its effects on oral
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received his dental degree from Bangalore University, M.P.H. from Johns
Hopkins University, and postdoctoral certificate in dental public health from
the New York State Department of Health.

HARDY LIMEBACK is an associate professor and head of preventive den-
tistry at the University of Toronto; he is also a part-time practicing dentist.
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prevention of dental fluorosis. Dr. Limeback is a former president of the
Canadian Association of Dental Research. He has been involved for many
years in reviewing the scientific literature related to fluoridation of drinking
water. He received his Ph.D. in collagen biochemistry and his D.D.S. from
the University of Toronto.

CHARLES POOLE is an associate professor in the Department of Epi-
demiology at the University of North Carolina School of Public Health.
Previously, he was with the Boston University School of Public Health.
Dr. Poole’s work currently focuses on the development and utilization of
epidemiologic methods and principles, including problem definition, study
design, data collection, statistical analysis, and interpretation and applica-
tion of research results, including systematic review and meta-analysis. His
research experience includes studies in environmental and occupational
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health administration from the University of North Carolina School of Pub-
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J. EDWARD PUZAS is the Donald and Mary Clark Professor of Orthopae-
dics at the University of Rochester School of Medicine and Dentistry. He
also holds faculty appointments in biochemistry, biomedical engineering,
oncology, and pathology and laboratory medicine. He is director of the
university’s Osteoporosis Center and Center for Musculoskeletal Research.
His research interests are in all aspects of bone, cartilage, orthopaedic, and
dental biology, with a particular interest in diseases of the skeleton, such
as osteoporosis and some skeletal cancers. He also directs the osteotoxicol-
ogy research core at the university’s National Institutes of Environmental
Health Sciences center program at the University of Rochester Medical
Center, where he conducts research on adverse impacts of environmental
agents on skeletal tissue. He has won several awards for his research, in-
cluding the Kappa Delta Prize for Outstanding Orthopaedic Research and
the Kroc Foundation Award for Excellence in Cartilage and Bone Research.
Dr. Puzas is president of the Orthopaedic Research Society. He received his
M.S. and Ph.D. in radiation biology and biophysics from the University of
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NU-MAY RUBY REED is a staff toxicologist with the California Environ-
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at the University of California at Davis. She received her Ph.D. from the
University of California at Davis and is a diplomate of the American Board
of Toxicology.
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Inc., Center for Risk Analysis. She has extensive experience in evaluating
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assessment. More recently, Dr. Thiessen has led a working group on dose
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Modeling and Assessment Methods program. She received her Ph.D. in
genetics from the University of Tennessee-Oak Ridge Graduate School of
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larly spatial epidemiology and ecologic bias), applications of mathematical
modeling to toxicology and epidemiology, and persistent organic pollutants,
particularly brominated fire retardants. He received his D.Sc. in environ-
mental health from the Boston University School of Public Health.
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Measures of Exposure
to Fluoride in the United States:
Supplementary Information

U.S. DATA ON ARTIFICIAL AND NATURAL FLUORIDE
IN DRINKING WATER

The recommended “optimal” fluoride concentrations for community
public water supply systems and school public water supply systems are
shown in Table B-1. Both sets of recommendations are based on the “an-
nual average of maximum daily air temperatures” (CDC 1995, based on
two studies in the 1950s). Table B-2 provides the approximate number of
persons receiving artificially fluoridated public water in 1992, by fluoride
concentration. In practice, most states seem to use a single fluoride con-
centration for the whole state. Figure B-1 shows the fluoride concentration
by state with respect to annual average temperature for that state over
the period 1971-2000. Table B-3 presents the approximate number of
persons receiving naturally fluoridated public water in 1992, by fluoride
concentration.

The number of persons served with public water supplies exceeding
4 milligrams (mg) of fluoride per liter (L) is expected to be substantially
lower now than in 1992. For example, South Carolina, which had more
than half of the persons in that category in 1992 (Table B-3), now has only
occasional violations of the maximum contaminant level (MCL) (e.g., two
water systems with 10 violations in calendar year 2003; SCDHEC 20041).
On the other hand, a recent news article indicates that some areas in Virginia

ISee also local drinking water information by state at http://www.epa.gov/safewater/dwinfo.
htm.
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TABLE B-1 Recommended Optimal Fluoride Concentrations for Public
Water Supply Systems

Annual Average of Maximum

Daily Air Temperatures? Recommended Fluoride Concentrations, mg/L

°F °C Community Water Systems School Water Systems?
50.0-53.7 10.0-12.0 1.2 5.4

53.8-58.3 12.1-14.6 1.1 5.0

58.4-63.8 14.7-17.7 1.0 4.5

63.9-70.6 17.8-21.4 0.9 4.1

70.7-79.2 21.5-26.2 0.8 3.6

79.3-90.5 26.3-32.5 0.7 3.2

9Based on temperature data obtained for a minimum of 5 years.

PBased on 4.5 times the optimal fluoride level for communities. School water fluoridation
is recommended only when the school has its own source of water and is not connected to
a community water system. Several other criteria are also considered; for example, if >25%
of the children attending the school already receive optimally fluoridated water at home, the
school’s water should not be fluoridated.

SOURCE: CDC 1995.

are still served by water systems with fluoride exceeding 4 mg/L (Hirschauer
2004).

Miller-Thli et al. (2003) reported on fluoride concentrations in water
samples collected in 1999 from 24 locations nationwide; these locations
were expected to provide nationally representative samples for the National
Food and Nutrient Analysis Program.? Not unexpectedly, their findings in-
dicate a bimodal distribution of fluoride concentrations in public drinking
water: either water was fluoridated at approximately 1 mg/L or it was not
fluoridated, with concentrations bordering on undetectable.

WATER INGESTION AND FLUORIDE INTAKES

Tables B-4 to B-7 summarize recent estimates by the U.S. Environmental
Protection Agency (EPA) of the mean and selected percentiles of water in-
gestion by source (community supplies, bottled water, “other” sources, and
all sources combined) and subpopulation (EPA 2000a); Tables B-8 and B-9

2Miller-Thli et al. (2003) reported that 40% of the samples were fluoridated and suggested
that, rather than using an average fluoride concentration for the country, an individual should
be assumed to have a 40% probability of ingesting fluoridated water and a 60% probability
of ingesting nonfluoridated water. However, CDC (2002a) estimates that about two-thirds
of the U.S. population served by public water supplies receives fluoridated water. Thus, the
sampling reported by Miller-Thli et al. was probably not sufficiently representative on a popu-
lation-weighted basis.
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TABLE B-2 Population Sizes by Level of Artificial Fluoridation in 1992

Fluoride, Number

mg/L of States” Population  Percentage States

0.7 1 149,290 0.11 Hawaii

0.7-0.9 1 8,014,583  5.88 Texas

0.7-1.0 1 1,282,425  0.94 Arizona

0.8 4 12,886,396  9.46 Florida, Louisiana, Oklahoma, South
Carolina

0.8-1.0 1 432,700  0.32 Delaware

0.9 2 7,177,525  5.27 Kentucky,? Virginia®

0.9-1.2 1 1,921,525 1.41 Colorado

1.0 29 93,060,026 68.30 Alabama, California, Connecticut,

District of Columbia, Georgia, Idaho,
Illinois, Indiana,® Kansas, Maryland,
Massachusetts, Michigan, Mississippi,
Missouri, Nebraska, Nevada, New
Jersey, New Mexico, New York,

North Carolina,® Ohio, Oregon,
Pennsylvania, Rhode Island, Tennessee,
Utah, Washington, West Virginia,°

‘Wisconsin

1.0-1.1 2 1,931,337 1.42 Iowa, Wyoming

1.0-1.2 2 214,865 0.16 Montana, New Hampshire

1.1 1 233,447 0.17 Vermont?

1.2 N 5,026,243 3.69 Alaska, Maine, Minnesota,’ North
Dakota, South Dakota

No data’ 2 3,911,884  2.87 Arkansas, Puerto Rico

Total 52 136,242,246 100

9Includes the 50 states, the District of Columbia, and Puerto Rico.

bA few small water supplies have artificial fluoride concentrations of 4.0 mg/L.

°A few small water supplies have artificial fluoride concentrations of 4.5 mg/L.

4A few small water supplies have artificial fluoride concentrations of 4.9 mg/L.

¢A few small water supplies have artificial fluoride concentrations of 5.4 mg/L.

Data for Arkansas were not provided (the table for Arkansas contained a duplication of
the Alaska data). The water fluoridation data were not provided for Puerto Rico.

SOURCE: CDC 1993.

give the corresponding estimates for consumption of community water or
all water as a function of body weight. The data in Tables B-4 through B-9
are for those persons who actually consume water from the indicated source,
rather than per capita estimates for the entire population. Estimates include
plain (noncarbonated) drinking water and indirect water (water added to
foods and beverages during preparation at home or by local food service
establishments). Water in processed foods (commercial water) or naturally
contained in foods (biological water) was not included.
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FIGURE B-1 Level of artificial fluoridation in 1992 by state (Table B-2; CDC
1993) versus area-weighted annual average temperature (°F) for that state
over the period 1971-2000 (NCDC 2002a). Temperature for the District of
Columbia is for Climate District 4 of the state of Maryland (NCDC 2002b).
States with a range of artificial fluoride levels (Arizona, Colorado, Delaware,
Iowa, Montana, New Hampshire, Texas, and Wyoming) are included at
each relevant fluoride level. Arkansas and Puerto Rico are not included
because of the lack of information on fluoride levels. Thin line indicates
the “recommended optimal fluoride levels” for the given range of “annual
average of maximum daily air temperatures” (emphasis added; Table B-1;
CDC 1995).

EPA’s estimates are based on U.S. Department of Agriculture surveys
taken in 1994, 1995, and 1996 of food ingestion data for two nonconsecu-
tive days for a sample of more than 15,000 individuals in the 50 states and
the District of Columbia selected to represent the entire U.S. population
based on 1990 census data (EPA 2000a). (An additional survey of children
in 1998 was included in the estimates used in Chapter 2.) Because these
estimates were developed for the purpose of estimating people’s exposures
to substances in drinking water and also are based on relatively recent data,
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they are appropriate for the present purpose of estimating the range of cur-
rent exposures to fluoride. These estimates are based on a 2-day average,
whereas for fluoride exposure, long-term averages of intake are usually more
important. However, given the size of the population sampled, the likelihood
that the entire sample represents days of unusually high or unusually low
water intake is small. Thus, these values are considered reasonable indica-
tors both of typical water consumption and of the likely range of water
consumption from various sources on a long-term basis. However, they
should not be used by themselves to estimate the number of individuals or
percentage of the population that consumes a given amount of water on a
long-term basis, especially not at the extremes of the range. Water intakes
at the low end are not of major importance for the present report, and
water intakes at the high end are considered separately (Chapter 2), with
additional information beyond what is provided by EPA.

It may be helpful to compare the water intakes (all sources, Table
B-7) with values for adequate intake? (Al) of water recently published by
the Institute of Medicine (IOM 2004; Table B-10). The AI for total water
(drinking water, other beverages, and moisture contained in food) is set “to
prevent deleterious, primarily acute, effects of dehydration, which include
metabolic and functional abnormalities” (IOM 2004). “Given the extreme
variability in water needs which are not solely based on differences in me-
tabolism, but also in environmental conditions and activity, there is not
a single level of water intake that would ensure adequate hydration and
optimal health for half* of all apparently healthy persons in all environ-
mental conditions” (IOM 2004). The Al for total water is based on the
median total water intake from U.S. survey data (NHANES III, 1988-1994;
described by IOM 2004). Daily consumption below the Al is not necessar-
ily a concern “because a wide range of intakes is compatible with normal
hydration. Higher intakes of total water will be required for those who are
physically active or who are exposed to [a] hot environment” (IOM 2004).
For the intake values shown in Table B-10, approximately 80% of the intake
comes from drinking water and other beverages (including caffeinated and
alcoholic beverages).

Use of bottled water in the United States has at least doubled since 1990
(Grossman 2002), suggesting that more people use bottled water now than
in 1994-1996 and/or that individuals use more bottled water per person.

3¢Adequate intake” is defined as “the recommended average daily intake level based on
observed or experimentally determined approximations or estimates of nutrient intake by a
group (or groups) of apparently healthy people that are assumed to be adequate—used when
an RDA [recommended dietary allowance] cannot be determined” (IOM 2004).

“The estimated average requirement (EAR) on which a recommended dietary allowance is
based is defined as “the average daily nutrient intake level estimated to meet the requirement
of half the healthy individuals in a particular life stage and gender group” (IOM 2004).

Copyright © National Academy of Sciences. All rights reserved.



Fluoride in Drinking Water: A Scientific Review of EPA's Standards
http://www.nap.edu/catalog/11571.html

APPENDIX B 429

TABLE B-10 Adequate Intake Values (L/day) for Total Water

Males Females

From From Total From From Total
Group Foods Beverages Water Foods Beverages Water
0-6 months 0 0.7 0.7 0 0.7 0.7
7-12 months 0.2 0.6 0.8 0.2 0.6 0.8
1-3 years 0.4 0.9 1.3 0.4 0.9 1.3
4-8 years 0.5 1.2 1.7 0.5 1.2 1.7
9-13 years 0.6 1.8 2.4 0.5 1.6 2.1
14-18 years 0.7 2.6 3.3 0.5 1.8 2.3
>19 years 0.7 3.0 3.7 0.5 2.2 2.7
Pregnancy® — — — 0.7 2.3 3.0
Lactation? — — — 0.7 3.1 3.8

TWomen aged 14-50 years.
SOURCE: IOM 2004.

However, total water consumption per person from all sources combined
probably has not changed substantially. Information for a few groups in the
tables (children < 1 year of age, pregnant and lactating women) is based
on relatively small sample sizes, and the confidence to be placed in specific
percentile values is therefore lower. Sample sizes for some other population
subgroups of potential interest (e.g., Native Americans with traditional
lifestyles, people in hot climates, people with high physical activity, people
with certain medical conditions) were not large enough to evaluate intake
by members of the subgroup, although some people from those groups are
included in the overall sample (EPA 2000a).

Tables B-11 to B-14 summarize fluoride intakes that would result from
ingestion of community water (for the mean, 90th, 95th, and 99th percen-
tiles of consumption estimated by EPA) at various levels of water fluoride
(“optimal” fluoridation levels of 0.7, 1.0, or 1.2 mg/L, and the present
secondary MCL [SMCL] and MCL of 2 and 4 mg/L, respectively). The
SMCL and MCL are included for purposes of comparison; most people in
the Unites States do not drink water with those fluoride levels. An average
consumer below the age of 6 months would have an intake of 0.06-0.1
mg/kg/day from fluoridated water (0.7-1.2 mg/L), whereas an adult would
ingest approximately 0.01-0.02 mg/kg/day. Individuals at the upper levels
of water intake from EPA’s estimates (Table B-14) could have fluoride in-
takes in excess of 1 mg/day at the lowest levels of fluoridation up to about
6 mg/day for some adults, depending on age and level of water fluoridation.
Persons in the high-water-intake groups described above could have even
higher intakes.
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TABLE B-11 Estimated Intake of Fluoride from Community Water for
Average Consumers?

Fluoride Level

Xl’:ﬁz 0.7mgL 1mg/L 12mgll 2mgLl 4mgl
Population mL/day Intake, mg/day
All consumers 1,000 0.70 1.00 1.20 2.00 4.00
<0.5 year 529 0.37 0.53 0.63 1.06 212
0.5-0.9 year 502 0.35 0.50 0.60 1.00 2.01
1-3 years 351 0.25 0.35 0.42 0.70 1.40
4-6 years 454 0.32 0.45 0.54 0.91 1.82
7-10 years 485 0.34 0.49 0.58 0.97 1.94
11-14 years 641 0.45 0.64 0.77 1.28 2.56
15-19 years 817 0.57 0.82 0.98 1.63 3.27
20-24 years 1,033 0.72 1.03 1.24 2.07 4.13
25-54 years 1,171 0.82 1.17 1.41 2.34 4.68
55-64 years 1,242 0.87 1.24 1.49 2.48 4.97
265 years 1,242 0.87 1.24 1.49 2.48 4.97

Water

Intake,

mL/kg/day Intake, mg per kg body weight/day
All consumers 17 0.012 0.017 0.020 0.034 0.068
<0.5 year 88 0.062 0.088 0.106 0.176 0.352
0.5-0.9 year 56 0.039 0.056 0.067 0.112 0.224
1-3 years 26 0.018 0.026 0.031 0.052 0.104
4-6 years 23 0.016 0.023 0.028 0.046 0.092
7-10 years 16 0.011 0.016 0.019 0.032 0.064
11-14 years 13 0.009 0.013 0.016 0.026 0.052
15-19 years 12 0.008 0.012 0.014 0.024 0.048
20-24 years 15 0.011 0.015 0.018 0.030 0.060
25-54 years 16 0.011 0.016 0.019 0.032 0.064
55-64 years 17 0.012 0.017 0.020 0.034 0.068
265 years 18 0.013 0.018 0.022 0.036 0.072

9Based on water consumption rates estimated by EPA (2000a).

EXPOSURES FROM FLUORINATED ANESTHETICS

The sampled data in Table B-15 illustrate wide ranges of reported mean
peak serum fluoride concentrations from the use of fluorinated anesthetics
under various surgical conditions and for different age groups ranging from
22-day-old infants to people > 70 years old. These data are collected from
studies conducted in many countries, including Australia, France, Finland,
Germany, Ireland, Japan, the United Kingdom, and the United States. The
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TABLE B-12 Estimated Intake of Fluoride from Community Water for
90th Percentile Consumers?

Fluoride Level

Xl’:ﬁz 0.7mgL 1mg/L 12mgll 2mgLl 4mgl
Population mL/day Intake, mg/day
All consumers 2,069 1.45 2.07 2.48 4.14 8.28
<0.5 year 943 0.66 0.94 1.13 1.89 3.77
0.5-0.9 year 950 0.67 0.95 1.14 1.90 3.80
1-3 years 719 0.50 0.72 0.86 1.44 2.88
4-6 years 940 0.66 0.94 1.13 1.88 3.76
7-10 years 995 0.70 1.00 1.19 1.99 3.98
11-14 years 1,415 0.99 1.42 1.70 2.83 5.66
15-19 years 1,669 1.17 1.67 2.00 3.34 6.68
20-24 years 2,175 1.52 2.18 2.61 4.35 8.70
25-54 years 2,326 1.63 2.33 2.79 4.65 9.30
55-64 years 2,297 1.61 2.30 2.76 4.59 9.19
265 years 2,190 1.53 2.19 2.63 4.38 8.76

Water

Intake,

mL/kg/day Intake, mg per kg body weight/day
All consumers 33 0.023 0.033 0.040 0.066 0.132
<0.5 year 169 0.118 0.169 0.203 0.338 0.676
0.5-0.9 year 116 0.081 0.116 0.139 0.232 0.464
1-3 years 53 0.037 0.053 0.064 0.106 0.212
4-6 years 45 0.032 0.045 0.054 0.090 0.180
7-10 years 33 0.023 0.033 0.040 0.066 0.132
11-14 years 27 0.019 0.027 0.032 0.054 0.108
15-19 years 26 0.018 0.026 0.031 0.052 0.104
20-24 years 31 0.022 0.031 0.037 0.062 0.124
25-54 years 32 0.022 0.032 0.038 0.064 0.128
55-64 years 32 0.022 0.032 0.038 0.064 0.128
265 years 32 0.022 0.032 0.038 0.064 0.128

9Based on water consumption rates estimated by EPA (2000a).

minimum alveolar concentration per hour (MAC-hr) ranged from short-
term (e.g., for cesarean section as reported by Abboud et al. 1989) to
prolonged (e.g., >10 hours as reported by Murray et al. 1992 and Obata et
al. 2000) surgery and up to 7 days of continuous exposure for critically ill
patients (e.g., as reported by Osborne et al. 1996). Test subjects included
healthy males who underwent 3-9 hours of anesthesia (Munday et al. 1995),
female smokers (Laisalmi et al. 2003), infants and children (age as indicated

Copyright © National Academy of Sciences. All rights reserved.



Fluoride in Drinking Water: A Scientific Review of EPA's Standards
http://www.nap.edu/catalog/11571.html

432 APPENDIX B

TABLE B-13 Estimated Intake of Fluoride from Community Water for
95th Percentile Consumers?

Fluoride Level

X:EL 0.7mgL 1mg/L 12mgll 2mgLl 4mgl
Population mL/day Intake, mg/day
All consumers 2,600 1.82 2.60 3.12 5.20 10.40
<0.5 year 1,064 0.74 1.06 1.28 2.13 4.26
0.5-0.9 year 1,122 0.79 1.12 1.35 2.24 4.49
1-3 years 952 0.67 0.95 1.14 1.90 3.81
4-6 years 1,213 0.85 1.21 1.46 2.43 4.85
7-10 years 1,241 0.87 1.24 1.49 2.48 4.96
11-14 years 1,742 1.22 1.74 2.09 3.48 6.97
15-19 years 2,159 1.51 2.16 2.59 4.32 8.64
20-24 years 3,082 2.16 3.08 3.70 6.16 12.33
25-54 years 2,926 2.05 2.93 3.51 5.85 11.70
55-64 years 2,721 1.90 2.72 3.27 5.44 10.88
265 years 2,604 1.82 2.60 3.12 5.21 10.42

Water

Intake,

mL/kg/day Intake, mg per kg body weight/day
All consumers 44 0.031 0.044 0.053 0.088 0.176
<0.5 year 204 0.143 0.204 0.245 0.408 0.816
0.5-0.9 year 127 0.089 0.127 0.152 0.254 0.508
1-3 years 68 0.048 0.068 0.082 0.136 0.272
4-6 years 65 0.046 0.065 0.078 0.130 0.260
7-10 years 39 0.027 0.039 0.047 0.078 0.156
11-14 years 36 0.025 0.036 0.043 0.072 0.144
15-19 years 32 0.022 0.032 0.038 0.064 0.128
20-24 years 39 0.027 0.039 0.047 0.078 0.156
25-54 years 40 0.028 0.040 0.048 0.080 0.160
55-64 years 38 0.027 0.038 0.046 0.076 0.152
265 years 37 0.026 0.037 0.044 0.074 0.148

9Based on water consumption rates estimated by EPA (2000a).

in Table B-135), and patients with renal insufficiency (Conzen et al. 1995).
In general, higher MAC-hr resulted in higher peak serum inorganic fluoride
concentration. None of the studies presented in Table B-15 shows clear
evidence of renal impairment as a result of the increased serum fluoride con-
centration, except transient reduction in renal function among the elderly
(>70 years) reported by Hase et al. (2000). Higher peak serum concentration
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TABLE B-14 Estimated Intake of Fluoride from Community Water for
99th Percentile Consumers?

Population Water Intake, Fluoride Level.

ml/day 07mgL 1mgL 12mgL 2mgLl 4mgl

Intake, mg/day

All consumers 4,273 2.99 4.27 5.13 8.55 17.09
<0.5 year 1,366 0.96 1.37 1.64 2.73 5.46
0.5-0.9 year 1,529 1.07 1.53 1.83 3.06 6.12
1-3 years 1,387 0.97 1.39 1.66 2.77 5.55
4-6 years 1,985 1.39 1.99 2.38 3.97 7.94
7-10 years 1,999 1.40 2.00 2.40 4.00 8.00
11-14 years 2,564 1.79 2.56 3.08 5.13 10.26
15-19 years 3,863 2.70 3.86 4.64 7.73 15.45
20-24 years 5,356 3.75 5.36 6.43 10.71 21.42
25-54 years 4,735 3.31 4.74 5.68 9.47 18.94
55-64 years 4,222 2.96 4.22 5.07 8.44 16.89
265 years 3,668 2.57 3.67 4.40 7.34 14.67

Water

Intake,

mL/kg/day Intake, mg per kg body weight/day
All consumers 79 0.055 0.079 0.095 0.158 0.316
<0.5 year 240 0.168 0.240 0.288 0.480 0.960
0.5-0.9 year 170 0.119 0.170 0.204 0.340 0.680
1-3 years 112 0.078 0.112 0.134 0.224 0.448
4-6 years 95 0.067 0.095 0.114 0.190 0.380
7-10 years 60 0.042 0.060 0.072 0.120 0.240
11-14 years 54 0.038 0.054 0.065 0.108 0.216
15-19 years 62 0.043 0.062 0.074 0.124 0.248
20-24 years 80 0.056 0.080 0.096 0.160 0.320
25-54 years 65 0.046 0.065 0.078 0.130 0.260
55-64 years 58 0.041 0.058 0.070 0.116 0.232
2635 years 53 0.037 0.053 0.064 0.106 0.212

9Based on water consumption rates estimated by EPA (2000a).

was reported for smokers (Cousins et al. 1976; Laisalmi et al. 2003) and is
associated with alcohol, obesity, and multiple drug use (Cousins et al. 1976).
Because the reference point for the potential nephrotoxicity in these studies
was the peak serum fluoride concentration, data are generally not available
for an estimation of the total fluoride load or the area under the curve from
the use of these anesthetics.
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TABLE B-16 Summary of Estimated Safe and Adequate Daily Dietary
Intakes? of Fluoride

Age, years Weight, kgt Range, mg/day Range, mg/kg/day®
0-0.5 6 0.1 0.5 0.017  0.083
0.5-1 9 0.2 1.0 0.022  0.11
1-3 13 0.5 1.5 0.038  0.12
4-6 20 1.0 25 0.050  0.13
7-10 28 1.5 25 0.054  0.089
Males

11-14 45 1.5 25 0.033  0.056
15-18 66 1.5 2.5¢ 0.023  0.038
19-24 72 1.5 4.0° 0.021  0.056
25-50 79 1.5 4.0 0.019  0.051
51+ 77 1.5 4.0 0.019  0.052
Females

11-14 46 1.5 25 0.033  0.054
15-18 55 1.5 2.5¢ 0.027  0.045
19-24 58 1.5  4.0° 0.026  0.069
25-50 63 1.5 4.0 0.024  0.063
51+ 65 1.5 4.0 0.023  0.062

9The term “safe and adequate daily dietary intake” was used by the NRC (1989b) “when
data were sufficient to estimate a range of requirements, but insufficient for developing [a
Recommended Dietary Allowance].” This category was to be accompanied by “the caution
that upper levels in the safe and adequate range should not be habitually exceeded because the
toxic level for many trace elements may be only several times usual intakes.” Use of this term
should not be taken to imply that the present committee considers these intakes to be safe or
adequate.

bMedian for age group.

Calculated from range (mg/day) and weight (kg) given for age groups.

dUpper limit for children and adolescents (upper age not specified).

¢Upper limit for adults.

SOURCE: NRC 1989b.

REFERENCE INTAKES OF FLUORIDE

Table B-16 provides the median weight and range of fluoride intake
(mg/day; safe and adequate daily dietary intake®), by age group, from the
National Research Council (NRC 1989b). Table B-17 provides the reference

5The term “safe and adequate daily dietary intake” was used by the NRC (1989b) “when
data were sufficient to estimate a range of requirements, but insufficient for developing [a
Recommended Dietary Allowance].” This category was to be accompanied by “the caution
that upper levels in the safe and adequate range should not be habitually exceeded because
the toxic level for many trace elements may be only several times usual intakes.” Use of this
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TABLE B-17 Summary of Dietary Reference Intakes of Fluoride

Adequate Intake Tolerable Upper Intake
Reference
Age, years Weight, kg mg/d mg/kg/day” mg/d mg/kg/day”
0-0.5 7 0.01 0.0014 0.7 0.10
0.5-1 9 0.5 0.056 0.9 0.10
1-3 13 0.7 0.054 1.3 0.10
4-8 22 1 0.045 2.2 0.10
9-13 40 2 0.050 10 0.25
Boys 14-18 64 3 0.047 10 0.16
Girls 14-18 57 3 0.053 10 0.18
Males 19+ 76 4 0.053 10 0.13
Females 19+ 61 3 0.049 10 0.16

aCalculated from intake (mg/day) and weight (kg) given for age groups by IOM (1997) and
ADA (2005).

SOURCES: IOM 1997; ADA 2005.

weight and range of fluoride intake (mg/day; dietary reference intake), by
age group, from the Institute of Medicine (IOM 1997) and the American
Dental Association (ADA 20035). In both tables, the intakes in terms of mg/
kg/day were calculated from the cited information as indicated.

term should not be taken to imply that the present committee considers these intakes to be
safe or adequate.
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C

Ecologic and Partially Ecologic
Studies in Epidemiology

Individual-level studies collect information on outcome, exposure, and
covariates (potential confounders and effect modifiers) for each individual.
Ecologic studies collect information about groups. Partially ecologic studies
use a combination of individual-level and group-level variables.

The goal of most ecologic studies is to make inferences about individu-
als based on aggregated data. Unfortunately, severe bias can occur. (Bias in
this context means systematic errors in the results of the analysis; it does
not impugn the integrity or intention of the researchers). Ecologic bias has
several sources (Greenland 1992; Greenland and Robins 1994; Morgenstern
1998; Webster 2000):

e Nondifferential exposure misclassification within groups (which
tends to bias results away from the null)

¢ Confounding within and between groups
Effect measure modification within and between groups
Misspecification error when model is nonlinear
Inadequate control of covariates
Magnification of bias by aggregation due to confounding by group
and effect measure modification by group

e Failure to weight by population

e Failure to standardize both outcome and exposure in the same
way.

Instead of simply dismissing all ecologic studies as unreliable, it is pref-
erable to estimate the direction and magnitude of potential biases. Quantify-

439
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ing bias in ecologic studies is quite difficult in practice. Nevertheless, certain
design features tend to reduce ecologic bias, including the following:

1. Studies with outcome variables that can be modeled with weighted
or ordinary least-squares regression (e.g., bone fluoride levels) are generally
preferable to those with binary outcomes or rates, commonly modeled with
logistic or log-linear regression. Nonlinear ecologic models can induce bias
due to misspecification.

2. Exposure variables that are continuous on the individual-level before
aggregation are generally preferable to those that are dichotomous (aggre-
gation of dichotomous exposures typically produces variables of the form
“fraction exposed”). The latter can be subject to nondifferential exposure
misclassification within groups, tending to bias ecologic studies away from
the null; they also tend to increase the amount of bias magnification. In
contrast, using of the average exposure within each group need not cause
measurement error on the ecologic level, a special case of the Berkson error
model. Errors of this type produce unbiased results in ordinary linear regres-
sion; in log-linear regression, bias also depends on variance of the errors.

3. Exposure should be as uniform as possible within groups but as dif-
ferent as possible between groups.

4. Avoid, if possible, confounders with highly nonlinear relationships to
outcome, because these can be very difficult to control in ecologic studies.

The following two types of partially ecologic studies are often used in
epidemiology.

1. Multilevel models typically supplement individual-level variables
with contextual variables. The latter are intrinsically group-level variables
that have no real counterpart on the individual-level, (e.g., herd immunity
or income inequality).

2. Studies that measure outcome and covariates at the individual level,
but exposure at the group level, are commonly used in environmental and
occupational epidemiology. This design is sometimes called “semi-indi-
vidual.” For example, fluoride concentrations might be measured in the
water system serving a community. Everyone in that group is assigned the
same exposure. Exposure is an aggregated variable, not an intrinsically
group-level variable. Feasibility is the typical reason for using this design;
individual exposure measurements are typically expensive and time-consum-
ing, if they are possible at all.

The semi-individual kind of partially ecologic study can be thought of

as individual-level with exposure measurement error. Unfortunately, semi-
individual studies are not necessarily free of ecologic bias. Suppose the
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ecologic exposure variable is the fraction exposed in the group (aggregated
from dichotomous exposures at the individual level). Nondifferential expo-
sure misclassification within groups tends to produce bias away from the
null as in ecologic studies. Although bias magnification (see list above) can
occur, the amount of bias tends to be intermediate between a fully ecologic
study and a fully individual study (at least in certain cases that have been
analyzed). Because covariate information is collected at the individual level,
the ability to control for confounding can be much better than with purely
ecologic studies. For more discussions of these issues, see Webster (2000,
2002) and Bjork and Stromberg (2002).

In sum, semi-individual studies are generally more trustworthy than
fully ecologic studies. Studies using exposure variables based on continuous
individual-level exposures are preferable to those based on dichotomous
individual-level exposures.
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Comparative Pharmacokinetics
of Rats and Humans

In healthy young and middle-aged adult humans, fasting plasma fluoride
concentrations (expressed as micromoles per liter [pmol/L]) are thought to
be approximately equal to concentrations in water (expressed as parts per
million [ppm] or milligrams per liter [mg/L]) provided that water is the
major source of chronic exposure (NRC 1993; Whitford 1996). Dunipace
et al. (1995) exposed weanling male Sprague-Dawley rats to fluoride in wa-
ter plus a low-fluoride diet for 18 months. Plasma fluoride concentrations
increased up to 3 months and remained fairly constant afterward. Plasma
levels (pmol/L) were three to seven times less than water concentrations
(ppm or mg/L) at several different concentrations and time points. In an-
other chronic experiment with Sprague-Dawley rats, plasma/water fluoride
ratios decreased from 4.2 at 2 months to 1.5 at 18 months (Whitford and
Birdsong-Whitford 2000; G. Whitford, University of Georgia, personal
communication, June 2, 2004). The reason for the difference between the
experiments is unclear. Dunipace et al. (1995) concluded that rats require
about five times greater water concentrations than humans to reach the
same plasma concentration. That factor appears uncertain, in part because
the ratio can change with age or length of exposure. In addition, this ap-
proach compares water concentrations, not dose. Plasma levels can also
vary considerably both between people and in the same person over time
(Ekstrand 1978).

Comparing bone fluoride levels in a 16-week rat experiment with hu-
man data from Zipkin et al. (1958), Turner et al. (1992) estimated that
“humans incorporate fluoride ~18 times more readily than rats when the

442
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rats are on a normal calcium diet.” The comparison was based on water
fluoride concentrations.

Several longer-term animal experiments are compared in Table D-1. The
National Toxicology Program (NTP) (Bucher et al. 1991) and Maurer et
al. (1990) experiments are well-known long-term fluoride carcinogenicity
assays. Of the four studies, Maurer et al. (1990) added fluoride to feed; the
others added fluoride to water. Figure D-1 shows results for male rats for the
three studies that added fluoride to water. Fluoride bone concentrations for
female rats were somewhat higher in the NTP study and somewhat lower
in the Maurer et al. study. Femur and vertebra fluoride concentrations were
similar in the Dunipace et al. (19935) study. Femur diaphysis fluoride con-
centrations were similar to concentrations in other sites, except for femur
epiphysis, which was higher (Whitford and Birdsong-Whitford 2000; G.
Whitford, University of Georgia, personal communication, June 2, 2004).
Figure D-1 also shows regression lines through each set of rat data, as well as
the crude and adjusted estimates for the human data (Zipkin et al. 1958) dis-
cussed earlier. The adjusted line estimates bone concentrations in males with
70 years of residence, but the slope is very similar to the crude model.

Assuming that linear models are realistic in this range and that rats at
18 to 24 months are roughly physiologically comparable to humans at 70
years (Dunipace et al. 19935), the committee compared the slopes for the
human and rat studies. The estimates in the left column of Table D-2 (bone
versus water) were computed by dividing the slopes for the human data by
the slopes estimated for the Dunipace and NTP rat studies. (The commit-

TABLE D-1 Four Chronic Rat Experiments That Measured Fluoride in

Bone
Whitford and
Dunipace et al. Maurer et al. Birdsong-Whitford
1995 NTP* 1990 2000°
Strain Sprague-Dawley F344/N Sprague-Dawley Sprague-Dawley
Sampling 3, 6,12, 18 months 103 weeks 99 weeks 2, 6,12, 18 months
Start time Weanling Weanling 6 weeks 6 weeks
Sex M M, F M, F
Water fluoride, 0, 5, 15, 50 0,11,45,79 — 1, 10, 100
mg/L
Diet fluoride,  <1.2 8 Various
ppm
Bone samples  Femur, vertebra Humerus Radius, ulna Femur, radius,
calvarium

9The NTP results were published by Bucher et al. (1991).
bData are available only in abstract form; unpublished data provided by G. Whitford,
University of Georgia, personal communication, June 2, 2004
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B NTP (103 wks)

O Whitford (18 mo)

@ Dunipace (18 mo)
====NTP regression

Dunipace regression

Bone F (ppm ash)

s Zipkin adjusted
i Zipkin crude

off . .

0.0 20.0 40.0 60.0 80.0 100. 0
Water F (ppm)

FIGURE D-1 Comparison of bone concentrations in humans and rats on
the basis of drinking water concentration

Male rats: NTP (humerus), Whitford (femur diaphysis), Dunipace (femur).
Zipkin data: Regression results from crude and adjusted model, the latter
assuming males and 70 years residency.

Regression results:

Dunipace: y = 625 + 147x (1> = 0.97)

NTP: y = 443 + 63.1x (> = 0.99)

Human (crude): y = 517 + 1,549x

Human (adjusted to male, 70 years residence): y = 1,300 + 1,527x

tee also estimated two slopes for the human data, crude and adjusted for
length of residency and sex. The crude and adjusted estimates are similar,
barely changing the ratios in Table D-2.) These results suggest that rats
require water concentrations 10 to 20 times higher than humans to achieve
comparable bone fluoride concentrations.

Why are the Dunipace bone concentrations larger than the NTP re-
sults? As shown in Table D-1, the NTP study was longer and had higher
fluoride concentrations in feed, but both of those factors should increase
bone concentrations. The use of different rat strains could contribute to the
difference. Type of bone is unlikely to explain the difference. Even if water
concentrations are the same, doses might be different. The NTP study pro-
vided estimates of average absorbed fluoride doses (assuming 100% from
water, 60% from feed) of 0.2, 0.8, 2.5, and 4.1 mg/kg/day for the four
experimental groups. Using data provided by Dunipace et al. (1995), the
committee estimates average fluoride doses of 0.042, 0.34, 0.96, and 2.83
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TABLE D-2 Comparative Uptake of Fluoride
Between Humans and Rats

Bone Versus Water Bone Versus Dose?
Zipkin/NTP 24 to 25% 42
Zipkin/Dunipace 10 to 11° 20
Zipkin/Maurer NA 40

9Use of the crude and adjusted human models produces very similar
results (difference of less than 1).

bThe lower value uses the adjusted human model (male, 70 years
residency); the higher value uses the crude human model.

445

mg/kg/day for the four experimental groups (divide fluoride intake, pg/day,
by body weight for each water concentration and each time interval: 3, 6,
12, and 18 months). At each water concentration, the doses decrease over
time. Compute the time-weighted average dose. That does not account for
absorption, but feed intake is a small fraction of the total, especially for
higher doses. Figure D-2 plots the average doses versus bone fluoride for
both studies. Use of average dose reduces the difference in slopes between
the Dunipace and NTP studies but not very much. Dunipace et al. found that
bone fluoride concentrations increased very rapidly in the first 3 months,
followed by a slow increase. As a result, average dose might not be the best
metric. On the basis of water consumption rates, exposures appear similar
at 3 months (C. Turner, Indiana University, personal communication). Cal-
cium concentrations in feed were higher in the NTP study (0.6 ppm) than
in the Dunipace study (0.5 ppm), reducing fluoride absorption (C. Turner,
Indiana University, personal communication). The slope estimated for the
Maurer data lies between the other two, but the results of this experiment

appear to be nonlinear.

To estimate dose for the Zipkin data, the committee assumed the same
water consumption (2 L/day) and body weight (70 kg) for every subject,
based on standard the U.S. Environmental Protection Agency figures. This

assumption multiplies the slope calculated earlier by a constant, 70/2.

The right-hand column of Table D-2 compares human and rat fluoride
uptake on an average dose basis. The ratio of the slopes has increased to
20 to 40. The ratios would be higher if a smaller water consumption rate
for humans had been assumed. The very high bone concentration predicted
by Rao et al. (1995) for women exposed to fluoride in drinking water at 4

mg/L for 70 years suggests an even higher ratio.

Because many assumptions were involved in estimating the values pre-
sented in Table D-2, they should be used with caution. But values support
a rat-to-human conversion factor for bone fluoride uptake of at least an

order of magnitude.
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¢ NTP
E Dunipace
====NTP regression

Dunipace regression
i Zipkin crude
= Zipkin adjusted
A Maurer
mimimi Maurer-est

Bone F (ppm ash)

Estimated dose (mg/kg/day)

FIGURE D-2 Comparison of bone concentrations in humans and rats on
the basis of estimated dose.

To keep the results visible, the figure omits the high data point from Maurer
et al. (11.3 mg of fluoride/kg/day, 16,760 mg/kg ash).

Male rats: NTP (humerus), Dunipace (femur), Maurer (radius and ulna).
Zipkin data: Regression results from crude and adjusted model, the latter
assuming males and 70 years residency.

Regression results:

Dunipace: y =415 + 2,664x (r* = 0.98)
NTP: y =145 + 1,283x (r> = 0.99)
Maurer: y =1,911+1,345x (r> = 0.98)
Human (crude): y =517+ 1,549(70/2)x
Human (adjusted to male,

70 years residence): y=1,300 + 1,527(70/2)x
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Detailed Information on
Endocrine Studies of Fluoride

The tables that follow contain detailed information on the endocrine
studies discussed in Chapter 8, including study design, exposure informa-
tion, and reported effects. Exposure conditions and duration and fluoride
concentrations are provided as given in the published articles. Many of the
tables include estimates of exposure in units of mg/kg/day to aid in compar-
ing studies. When possible, these estimates were made from information
(e.g., intake rate of drinking water, body weight) given in the articles. Where
such information was not available in a published article, the assumptions
used to make the estimates are listed in footnotes to the tables. Note that
for most of the human studies, the exposure estimates (mg/kg/day) are for
typical or average values for the groups and do not reflect the full range of
likely exposures.
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APPENDIX E

TABLE E-3 Summary of Selected Findings for Fluoride-Exposed Dairy

Cows

Urinary Plasma

Number Fluoride, Serum T4, Serum T3, Calcium,

Herd? Observed mg/L? ng/dLe ng/dL4 mg/dL¢
A\ 12 2.92 +0.52 4.60 = 0.34 175 7.2 10.1 = 0.15
B 12 5.37 +0.43 4.83 = 0.19 168 = 5.8 9.5 +0.11
M 12 6.39 = 0.92 5.30 = 0.38 177 = 8.4 9.6 £ 0.11
G 12 6.33 = 0.74 4.82 +0.28 159 = 7.7 9.4 +0.15
P 12 3.47 = 0.47 — — 9.3 +0.12
S1 12 6.29 = 1.08 3.59 £0.26 126 + 8.4 9.1=+0.17
C4 9 — 2.21 = 0.54 — 9.5 +0.14
V3 10 — 3.35 +0.47 — 9.5 +0.13
B2 13 — 3.39 £ 0.42 — 8.9 +0.12

9Herd identification as reported by Hillman et al. (1979). Enamel fluorosis and elevated
bone fluoride were confirmed in herds S1, C4, V3, and B2. Cows were uniformly distributed
throughout lactation in all herds.

bW < all others (P < 0.05).

<C4 < all others; S1, V3, B2 < W, B, M, G (P < 0.05).

951 < W, B, M, G (P < 0.05).

B2 < M, W; S1, P, G < W (P < 0.05).

f—indicates not measured or not reported.

SOURCE: Hillman et al. 1979. Reprinted with permission; copyright 1979, Journal of Dairy

Science.
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APPENDIX E 465

TABLE E-5 Summary of Selected Parameters for Six South African

Towns

Fluoride in  Goiter Median Iodine in Iodine in

Sample Drinking Prevalence, Urinary Drinking Todized

Town Size Water, mg/L % Todine, pg/L¢ Water, pg/L? ~ Salt, ppm
Williston 85 0.3 15.3 > 201 105 28
Victoria West 127 0.5 17.3 > 201 > 201 S
Frazerburg 87 0.9 18.4 193 127 11
Carnarvon 95 1.1 5.2 > 201 — 9
Brandvlei 94 1.7 27.7 > 201 > 201 S
Kenhardt 183 2.6 29.0 > 201 143 4

9Reported as > 1.58, > 1.58, 1.52, > 1.58, > 1.58, and > 1.58 pmol/L, respectively.
PReported as 0.83, > 1.58, 1.00, > 1.58, and 1.13 pmol/L, respectively.
“No water sample.

SOURCE: Jooste et al. 1999. Reprinted with permission; copyright 1999, Macmillian Publishers
Ltd.
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TABLE E-15 Effects of Fluoride on Pineal Function in Animal and
Human Studies

Exposure Concentration or Exposure
Species Conditions Dose? Duration
Mongolian gerbil (Meriones Fluoride Low-fluoride Birth through 28
unguiculatus; males and in feed group, 7 mg/kgfeed weeks
females, from birth) (primarily); after age 24 days 24-hour urinary
oral [0.7 mg/kg/day]® 6-sulfatoxymelatonin
administration High-fluoride measured at 7, 9,

of fluoride group, 2.3 mg/kg/  11.5, 16, 28 weeks
through 24 day orally, 5 days/
days for high-  week through age
fluoride group 24 days; 37 mg/
kgfeed thereafter
[3.7 mg/kg/day]|P

Humans (female; 233 in Fluoride in Newburgh, 1.2 Up to 10 years
Newburgh, NY; 172 in drinking mg/L (ages 7-18 at time
Kingston, NY) water [0.01-0.2 of study; ages
Ecologic study; most of the mg/kg/day]? at beginning of
eligible children in both cities; Kingston, exposure varied
nonblinded “essentially from prenatal to 9
fluoride-free” years)
[0.001-0.02
mg/kg/day]®
Humans (female; 337 in Fluoride in Kunszentmarton, Lifelong
Kunszentmdrton and 467 in drinking 1.09 mg/L
Kiskunmajsa, ages 10-19.5 at  water Kiskunmajsa, 0.17
time of study) (probably mg/L
Ecologic study; probably natural [0.01-0.2 mg/kg/
included most of the eligible fluoride) day versus 0.001-
children in both cities; 0.02 mg/kg/day]/
nonblinded

9Information in brackets was calculated from information given in the papers or as otherwise
noted.

bBased on estimated feed consumption of about 10% of body weight per day.

‘High-fluoride group was given 50 mg/L in drinking water during 24-hour metabolism
studies when usual feed was not given.

dEstimated fluoride intakes based on ranges of weight and water consumption for children
aged 0-18 and fluoride concentration of 1.2 mg/L in drinking water; higher fluoride intakes
are associated with the smallest children or the highest water intakes. Some individual intakes
could have been lower or higher than the range shown.
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Effects Reference

Altered rhythms and peaks of melatonin production; significantly lower pineal =~ Luke 1997
melatonin production in prepubescent gerbils in high-fluoride than in low-

fluoride group.

Sexual maturation in females occurred earlier in high-fluoride group (79%

versus 42% showing vaginal opening at 7 weeks and 70% versus 16%

showing differentiated ventral glands at 11.5 weeks).

Lower testicular weight at 16 weeks in males.

At 28 weeks, fluoride concentration in trabecular bone ash was 600-700 mg/kg

in low-fluoride animals and 2,800 mg/kg in high-fluoride animals.

Average age at menarche 12 years in Newburgh, versus 12 years 5 months in Schlesinger
Kingston; described as not statistically significant. et al. 1956
At time of study, 35.2% in Newburgh and 35.0% in Kingston were past

menarche (adjusted for age distribution).

Distributions of actual menarcheal age not available.

Girls exposed since birth or before had not yet reached menarche.

Median value of menarcheal age; 12.779 years in Kunszentmadrton and 12.79  Farkas et
years in Kiskunmajsa; distributions of actual menarcheal age not available. al. 1983
Distributions of the frequency of girls having reached menarche by the time

of the study show, for most age groups below 135 years, higher likelihood of

having reached menarche for Kunszentmarton than for Kiskunmajsa (data

were not adjusted for different age distributions in the two towns).

Of those reporting having reached menarche by the time of the study (159

in Kunszentmdrton and 270 in Kiskunmajsa), the youngest were 10 (1 girl),

11 (2 girls), and 11.5 (6 girls) in Kunszentmdrton (8.0% of the total in the

10-11.5 age groups, 5.7% of all postmenarcheal girls) and 11.5 (5 girls)

in Kiskunmajsa (4.7% of the total in the 10-11.5 age groups, 1.9% of all

postmenarcheal girls).

Estimated as a factor of 10 lower than for a fluoride concentration of 1.2 mg/L. Some
individual intakes could have been lower or higher than the range shown.

fRanges assumed to be close to those given for Schlesinger et al. (1956) above. Some
individual intakes could have been lower or higher than the ranges shown.
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TABLE E-16 Effects of Fluoride on Other Endocrine Organs in
Experimental Animals

Exposure Exposure
Species and Strain Conditions Concentration or Dose? Duration
Rabbits (young adult) Intravenous 3 mg/kg/day 2 months

Rats (Long-Evans; 2 groups, Intraperitoneal Acute, 406.47 mg, NaF total Acute, 15

each with 10 experimental  (controls [average dose, 68 mg/kg/day]?  days
and 5 control; age 49 or 52 injected with ~ Chronic, 1131.65 mg of NaF Chronic,
days at start, 160-180 g) NaCl) total 100 days

[average dose, 18 mg/kg/day]’

Rats (Hebrew University Drinking 0.55, 1, or 10 mg/L 9 months
albino, males; infants at water [0.055, 0.1, and 1 mg/kg/day]*

start, 30-32 g)

See also Table E-I

Rats (Sprague-Dawley, Intravenous 6 mg/kg/hour 3 hours
males, 325-350 g)

Rats (Wistar) Drinking Water: 0, 1, 5, 10, 50, 100, or ~ 54-58 days
See also Table E-1 water and diet 200 mg/L

Diet: 0.31 or 34.5 ppm

[0, 0.1, 0.5, 1, 5, 10, or 20 mg/

kg/day from water and 0.025

or 2.8 mg/kg/day from feed]?

Rats (Wistar albino, males,  Intraperitoneal 15.8 mg/kg (35 mg/kg of NaF)  Single dose

95-105 g) (controls
injected with
NaCl)
Rats (inbred strain 1IM, Oral 7.6 mg/kg Single
females, 180-220 g) administration dose, after
of NaF by fasting for
gastric tube 24 hours
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Effects Reference
Adrenal weights averaged 20% greater than in controls. Stormont
Body weight increase was 17% lower than in controls. et al.
1931
Acute: 7 of 10 survived, 6 were analyzed (1 “exhibited such bizarre overall Ogilvie
changes” that it was omitted from the study). 1953

Chronic: 5 of 10 survived.

Increased adrenal weight (about 30%) in both groups; enlarged adrenal cortex;
normal cortical and medullary cytology.

Increased width of connective tissue and increased mitotic activity in pancreases
of most animals.

No histological changes or weight differences in adrenals or pancreases; increase  Gedalia

in pituitary weight (not significant for 1 mg/L, significant for 10 mg/L). et al.

1960
Depression of glucose utilization, measured in terms of the output of 14CO,; Dost
serum glucose was not measured but presumably was elevated in accordance et al.
with decreased utilization. 1977
Decrease in pituitary weight in animals receiving 200 mg/L in drinking water. Hara

Decreased TSH and growth hormone in animals receiving 100 or 200 mg/L in 1980
drinking water.
Full details not available.

Elevated serum glucose and enhanced glucose-6-phosphate dehydrogenase Suketa et
(G6PD) activities in liver and kidney; attributed to stimulation of al. 1985
adrenal function, both medullary and cortical; changes in glucose

concentrations and G6PD activities suppressed by adrenalectomy but not by
thyroid-parathyroidectomy.

Immediate fall in insulin concentrations (to 50% of basal concentration after Rigalli
15 minutes) and consequent increase in glycemia (peak at about 1 1/2 hours), et al.
returned to normal in 4-5 hours. 1990

Decreased insulin response to glucose challenge when fluoride administered 15
minutes before glucose challenge (versus together with or immediately after).
Appeared to be direct effect on insulin secretion, not on insulin receptors;
hypoglycemic response to exogenous insulin was not impaired by pretreatment
with fluoride.

Plasma fluoride: 0.1-0.3 mg/L (5-15 pmol/L).

continued
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TABLE E-16 Continued

Exposure Exposure
Species and Strain Conditions Concentration or Dose? Duration
Rats (female, IIM line, age ~ Drinking 95 mg/L (5 mmol/L) 100 days
21 days at start) water (NaF) [10 mg/kg/day]*
Rats (Sprague-Dawley, Drinking 5,15, or 50 mg/L 3,6,12,
male, 40-50 g weanlings water [0.26-0.45, 0.69-1.31, or 18
at start, 68-77 animals per and 2.08-3.46 mg/kg/day] months
group) (changing with increasing body

weight)

Rats (female, IIM line, age Drinking 95 mg/L (5 mmol/L) 3 months
21 days at start) water (NaF) [10 mg/kg/day]*
Rats (Zucker, males, normal Drinking 0, 5, 15, or 50 mg/L in 3oré
and fatty diabetic, age- water (NaF) drinking water months
matched, 8 weeks old at (minimal (<1.2 ppm in feed)
start of study, initial weights contribution [Control: 0.05, 0.31, 0.85, and
282 g for controls and 351  from feed) 2.8 mg/kg/day
g for diabetics) Diabetic: 0.09, 2.0, 6.0, and

15.5 mg/kg/day|®

Reported doses for control
rats (mg/kg/day): 0.33 for 5
mg/L and 3.04 or 50 mg/L; for
diabetic rats, 1.99 for 5 mg/L
and 16.26 for 50 mg/L
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Effects Reference
Subtle disturbance of glucose tolerance as shown by glucose tolerance tests, Rigalli
associated with period of elevated fluoride concentrations in plasma and et al.

soft tissue (deterioration of glucose tolerance for about 50 days and then 1992

normalization by 100 days, when maximum bone mass was achieved and
plasma fluoride returned to normal concentrations).

Bone mass higher 6-12% greater in fluoride-treated animals (depending on
portion of skeleton considered).

Bone fluoride (ppm in ash): controls, 1,160-1,410; treated, 6,880-8,550
(depending on portion of skeleton considered).

“No significant effect” on fasting plasma glucose concentrations; specific data by Dunipace
g g P g 5 Sp y P

treatment group not reported. et al.
1995

Abnormal glucose tolerance tests when plasma diffusible fluoride exceeds 0.1 Rigalli

mg/L (5 pmol/L). et al.

Effects on glucose homeostasis not seen with equivalent (5 mmol/L) amount of 1995
sodium monofluorophosphate (MFP); plasma diffusable fluoride always below
0.04 mg/L (2 pmol/L); protein-bound MFP did not affect glucose homeostasis.

Water intake and fluoride intake approximately 6 times higher in diabetics than ~ Dunipace
in controls for a given fluoride concentration; fluoride absorption about 75% et al.
in diabetics versus 63% in controls; fluoride retention about 40% (39-42%) in 1996
diabetics versus increasing with fluoride dose (27-45%) in controls.

Plasma and tissue fluoride concentrations increased with fluoride dose,

significantly higher for diabetics than for controls.

Plasma fluoride (mg/L) in controls: 0.008-0.010, 0.015-0.017, 0.029, and 0.072-

0.082; in diabetics: 0.0097-0.012, 0.036-0.046, 0.10-0.12, and 0.26-0.36.

Bone fluoride (ppm in ash) in controls: 171-194, 410-560, 872-1,330, and
2,500-3,600; in diabetics: 200-310, 1,000-2,000, 2,700-4,700, and 6,800-9,500.

Same mean blood glucose value (453.5 * 8.2 mg/dL) given for initial and final

values in diabetic rats—one of them is probably not correct; for controls, initial

value of 121.9 £ 1.7 mg/dL and final value of 129.6 + 1.7 mg/dL.

Markers examined: plasma urea, glucose (nonfasting), creatinine, calcium,

phosphorus, uric acid, cholesterol, total protein, albumin, total bilirubin,

alkaline phosphatase, glutamate oxaloacetate transaminase; urine urea,

creatinine; creatinine clearance; histological evaluations; bone marrow sister

chromatid exchanges.

Significant differences in many parameters between normal and diabetic animals;

with respect to fluoride intake, significant differences only for diabetic rats with
fluoride at 50 mg/L (lower plasma cholesterol, higher total protein in plasma,

increased width of tibial cortex).

continued
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TABLE E-16 Continued

Exposure Exposure
Species and Strain Conditions Concentration or Dose? Duration
Rabbits (Dutch-Belted, Drinking 0 and 100 mg/L 6 months
female, 3 1/2 months old at  water [7-10.5 mg/kg/day]¢
start, 1.55 kg)
See also Table E-11
Rats (Sprague-Dawley, Drinking 5,15, or 50 mg/L 16 or 48
male, 30-40 g weanlings at ~ water [0.5, 1.5, or 5 mg/kg/day]* weeks
start, 432 animals total) Either

calcium-

deficient

diet or diet

deficient

in protein,

energy, or

total nutrients
Rats (Charles River, Wistar, Drinking Drinking water: 3 weeks
females, normal and with water and Groups C and D, 0 mg/L
streptozotocin-induced feed (NaF Groups F,; and DF,, 10 mg/L
diabetes, 8 per group) in drinking Group FF, adjusted to match
C: normal, no fluoride in water) fluoride intake of DF
water Feed: 13 ppm (all groups)
F,,: normal, fluoride in [C: 1.0-1.5 mg/kg/day
water Fy: 2.1-2.9 mg/kg/day
D: diabetic, no fluoride in D: 2.2-2.5 mg/kg/day
water DF,: 8.4-18.6 mg/kg/day
DF,: diabetic, fluoride in FF: 8.3-11.8 mg/kg/day]’
water
FF: normal, with fluoride
intake adjusted to match
that of DF ) (1.6-3 mg/day
per rat)
Horses (6 total, Sevoflurane Not available Mean,
thoroughbreds, average age  anesthesia 18.5 hours

§ years, average weight 509
kg, euthanized at end of
experiment)
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Effects Reference
Statistically significant (P < 0.05) increase in serum glucose (17%). Turner
Increased IGF-1 (40%). et al.
Insulin or other regulators of serum glucose were not measured. 1997

No effect of fluoride on serum urea, creatinine, phosphorus, total protein,
albumin, or bilirubin; serum glutamate oxaloacetate transaminase; or total
alkaline phosphatase.

Increased serum fluoride (0.728 versus 0.0441 mg/L)” and bone fluoride (6,650-
7,890 versus 850-1,150 ppm in ash).

No significant effect on fasting plasma glucose; specific data by fluoride Dunipace
treatment group not reported. et al.
Combination of general malnutrition and calcium deficiency was not examined. 1998

Normal rats had similar intakes of feed and water regardless of fluoride intake; ~ Boros et
final body weights were similar. al. 1998
Diabetic rats had 3-5 times higher water intake than normal rats and almost

twice the feed intake; final body weights for group D were lower than for

normal rats; final body weights for group DF,, were lower than initial body

weights.

Increase in overall severity of diabetes and higher fasting blood glucose

concentrations in fluoride-treated diabetic rats; about 400 mg/dL (22 mM/L) in

DF,, versus 250 mg/dL (14 mM/L) in D and 90 mg/dL (S mmol/L) in C, F,,

and FE.

Plasma fluoride (approximate, mg/L): C, 0.029; F,, 0.038; D, 0.038; DF,

0.095; FE, 0.057/

Bone (femoral) fluoride (approximate, ppm in ash): C, 400; F,,, 600; D, 400;

DF,,, 1000; FF, 1900).

Fluoride treatment in nondiabetic rats did not cause significant alteration of

blood glucose concentrations.

Mean plasma fluoride after 8 hours was 0.7-0.9 mg/L (38-45 pmol/L). Driessen
Total and ionized calcium decreased over time; ionized calcium remained within et al.
normal limits; total calcium below normal values after 2 hours. 2002

Serum glucose concentrations increased throughout, exceeding normal
concentrations at 6 hours and thereafter, but within the values commonly
observed during general inhalation anesthesia in horses; glucosuria also present
after 10 hours.

continued
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TABLE E-16 Continued

Exposure Exposure
Species and Strain Conditions Concentration or Dose? Duration
Rats (Wistar, adult females, NaF orally by 40 mg/kg/day NaF (18 mg/kg/  Day 6 of
150-170 g at start; fluoride  feeding tube day fluoride to the mothers) gestation
administered during through
pregnancy and lactation )k day 21 of
lactation
Rats (Wistar FL, males, 14  Intraperitoneal 35 mg/kg NaF (15.8 mg/kg Single
weeks old, 8 treated, 10 injection fluoride) in physiological saline dose,
controls) Controls, saline only sacrificed
90 minutes
later

9Information in brackets was calculated from information given in the papers or as otherwise
noted.

bBased on average of initial and final mean body weights.

“Based on water consumption of about 10% of body weight, with no significant differences
in body weight with fluoride intake.

4Based on water consumption of about 10% of body weight and feed consumption of about
8% of body weight, with no significant differences in body weight with fluoride intake.

®Based on final (6-month) mean body weights of 508.8 g for controls and 445.4 g for
diabetics, with pretermination (3- and 6-month combined) metabolic data for fluoride
intake.

Plasma fluoride (pmol/L) in controls: 0.42-0.54, 0.8-0.9, 1.5, and 3.8-4.3; in diabetics:
0.51-0.65, 1.9-2.4, 5.5-6.1, and 13.6-19.2

¢Based on average daily water consumption of 163 mL, mean initial weight of 1.55 kg, and
mean final weight of 2.33 kg for the fluoride-treated group.

hSerum fluoride: 38.31 versus 2.32 pmol/L.

Based on average daily fluoride intake for days 1-4 with average initial body weight for
all groups and average daily intake for days 15-21 with average final body weight for the
group.

/Plasma fluoride (approximate, pmol/L): C, 1.5; F,, 2; D, 2; DF ,, 5; FE, 3.

kIn many mammalian species, maternal fluoride exposures are not well reflected by fluoride
concentrations in milk; therefore, the impacts of fetal exposure and of reduced milk production
by the mothers must also be considered.
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Effects Reference
Marked hypoglycemia in mothers and offspring, attributed to reduced feed Verma
consumption. and
Reduced serum protein content, significant increases in serum sodium and Guna
potassium. Sherlin
Significant recovery on withdrawal of NaF or supplementation with vitamins C, 2002a
D, and E.
Hyperglycemia (47 % increase), accompanied by impairment in renal function, Grucka-
decreased calcium concentrations (13%). Mamczar
et al.
2005
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TABLE E-17 Effects of Fluoride on Other Endocrine Organs in Humans

Concentration
or Dose? and
Exposure Exposure
Study Population(s) Conditions Duration

76 male and female inmates of Japanese mental
hospital

Observational study; summary of cases;
cross-sectional

Thought to be
from pesticide
use

Not available
Chronic

41 Russian males with fluorosis, ages 33-45, 19 Occupational Not available

controls (no contact with fluorine compounds) exposure >135 years for

Case-control study; cross-sectional; full details not some

available

Volunteers in Argentina, 6 adults Oral 27 mg of fluoride

Experimental study; subjects included the authors ~ administration (60 mg of NaF)

of the report and members of their laboratory to fasting [0.4 mg/kg]?
persons Single dose

25 young adults (14 males, 11 females) in India Drinking water ~ 2-13 mg/L in

with endemic fluorosis (skeletal and enamel), drinking water

ages 15-30 years (nonobese, nonsmokers, no [0.067-0.43

personal or family history of diabetes mellitus or mg/kg/day]*

hypertension) Controls: < 1

25 controls with normal fluoride intake (age, sex, mg/L

and body mass index matched; comparable social [<0.03

and working conditions) mg/kg/day]¢

Case-control study; cross-sectional for all;
longitudinal for subjects initially found to have
impaired glucose tolerance; tests were repeated
after 6 months on a low-fluoride water source

Since birth

Poland, residents of Skawina (living in the vicinity ~ Airborne 8-10 times
of an aluminum smelter) and Chorzéw (employed  fluorides the Maximum
in any of 3 industries); approximately 50 Skawina: Allowable
individuals per group (approximately 200 total) chronic Concentration
Ecologic measure of exposure (exposure to exposure for fluoride of
environmental fluorides from industrial pollution)  to fluorine 1.6 pg/m?> (12.8-
compounds 16 pg/m?3)
Chorzoéw:
chronic
exposure to
environmental

fluorides and
other toxic
compounds
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Effects Reference

Endocrine disturbances including melanosis in 20 of 76 patients; attributed to Spira
dysfunction of parathyroids and adrenals, reversed upon treatment for chronic 1962
fluorine poisoning.

Elevated follicle-stimulating hormone and decreased testosterone in blood in all ~ Tokar’
men with fluorosis; elevated blood luteinizing hormone in men with long-term  and

exposure (>15 years). Savchenko
1977
After 1 hour, significant fall of plasma insulin concentrations and increased Rigalli
fluoride; reduced insulin response to glucose challenge. et al.
Plasma fluoride: 0.1-0.3 mg/L (5-15 pmol/L). 1990
Impaired glucose tolerance (IGT) in 40% (6 males, 4 females); fasting serum Trivedi
fluoride concentrations positively correlated (P < 0.01) with area under glucose et al.
curve in those 105 effect appeared to be reversible on provision of drinking 1993

water with “acceptable” fluoride concentrations (<1 mg/L).

For all 25 endemic fluorosis patients, significant positive correlation between
serum fluoride and fasting serum immunoreactive insulin; significant negative
correlation between serum fluoride and fasting glucose:insulin ratio.

Normal serum calcium, inorganic phosphorus, and vitamin D; elevated serum
alkaline phosphatase in patients with endemic fluorosis.

Urine fluoride (mg/L): fluorosis patients, 2-8; controls, 0.2-0.5.

Serum fluoride (mg/L): patients with IGT, 0.08 = 0.04; patients with normal
glucose tolerance, 0.02 = 0.01; controls, 0.01 = 0.009; IGT patients after 6
months on low-fluoride water, 0.02 = 0.01.

Excessive excretion of fluorides in urine (53-100% with urine fluoride > 2.3 Kedryna
mg/L; for Skawina, mean = 5.6 mg/L; SD = 2.5, n = 46), associated with et al.
a decrease in urine and erythrocyte magnesium concentrations (36-65% 1993

with urine magnesium < 5.4 mg/L); increased blood glucose and lactate
concentrations, which were normalized by magnesium supplementation.

For Skawina, 74% had blood glucose results above the norm (70-100 mg/dL or
3.89-5.55 mmol/L; n = 42).

continued
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TABLE E-17 Continued
Concentration
or Dose? and
Exposure Exposure
Study Population(s) Conditions Duration

U.S., female osteoporosis patients (patients with
previous history of hyperparathyroidism and
several other conditions were excluded)

Initial recruitment included 203 in-state patients
from previous fluoride trials and 95 controls
who had not taken fluoride; of these, 40 fluoride
patients and 43 controls were scheduled for
appointments; 15 fluoride patients were no
longer taking fluoride or failed the appointments;
5 controls failed the appointments; final study
included 25 fluoride patients and 38 controls
(mean ages, 70.1 for fluoride group, 69.5 for
controls)

Cross-sectional study; fluoride-treated patients
and non-fluoride-treated controls recruited

from database of osteoporosis patients of one
investigator; fasting samples; analyses of drinking
water, blood, and urine performed blindly; results
reported as means of groups and as number outside
the normal range for the parameter; urine and
plasma fluoride clearly different between groups;
no significant difference in mean water fluoride
concentrationsSee also Table E-12

China, healthy adults (approximately 120 per
group, with either normal or inadequate nutritional
intakes; mean ages of groups, 44.9-47.7 years)
Cross-sectional cohort study; subjects grouped

by location (water fluoride concentration) and
nutritional status; populations generally similar
(e.g., socially and economically); estimated fluoride
intakes and measurements of urine and plasma
fluoride and other parameters were made for
individuals but results reported only for groups;
probably overlap between low (<0.3 mg/L) and
middle (around 1 mg/L) fluoride exposure groups
for each nutritional category; no mention of
whether analyses were performed blindly

See also Table E-12

Slow-release
sodium
monofluoro-
phosphate

plus 1,500
mg/day calcium
carbonate
Most controls
(n = 38)

had calcium
supplementation

Drinking water
Normal
nutrition defined
as > 75 g/day
protein and Ca
>600 mg/day
Inadequate
nutrition defined
as <60 g/day
protein and Ca
<400 mg/day

23 mg/day (mean
dose)

[0.33
mg/kg/day|?
1.4-12.6 years
(mean, 4.2 years)

0.23, 1.02,

and 5.03

mg/L (normal
nutrition)

0.11, 0.90,

and 4.75 mg/L
(inadequate
nutrition)
Estimated
intakes: 1.70,
3.49, and 14.8
mg/day (normal
nutrition); 1.20,
2.64,15.32 mg/
day (inadequate
nutrition)

At least 35 years
of continuous
residency in the
study area
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Effects Reference
Mean fasting blood glucose concentrations 104.7 (SD = 53.0) for fluoride- Jackson
treated group and 95.2 (SD = 10.3) for controls (difference not considered et al.

significant); 3 of 25 fluoride-treated individuals outside normal range (versus 1~ 1994
of 38 controls).

Urine fluoride (mg/L, mean and SD): fluoride group, 9,7 (4.1); controls, 0.8
(0.5); plasma fluoride (mg/L, mean and SD)?: fluoride group, 0.17 (0.068);
controls, 0.019 (0.0076).

No significant differences in mean blood glucose concentrations among groups.  Li et al.
Not clear whether samples were fasting or nonfasting. 1995

continued
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TABLE E-17 Continued

Concentration

or Dose“ and

Exposure Exposure

Study Population(s) Conditions Duration
2 postmenopausal women in Argentina Treatment for 13.6 mg/day (30
Experimental study; subjects were members of the  osteoporosis mg/day NaF)

authors’ department who were receiving NaF as
treatment for osteoporosis and who volunteered
to undergo glucose tolerance tests; tests were
administered in the fasting state

24 women and 2 men, ages 44-66, former residents
of an area of endemic fluorosis in Argentina
Ecologic exposure measure; cross-sectional study;
fasting blood samples

U.S., 199 adult volunteers (mean ages of groups,
62.3, 58.6, 57.2 years)

Ecological study; cross-sectional; subjects grouped
by location (water fluoride concentration); subjects
not randomly selected; nonfasting samples; urine
and plasma fluoride concentrations significantly
different for groups; study parameters reported by
groups; no information on whether analyses were
performed blindly

See also Table E-12

160 males ages 20-50 years, in Mexico

Ecologic exposure measure based on occupation;
exposure groups overlapped; no information on
selection of subjects

Drinking water

Drinking water,
natural fluoride
Dietary calcium
and calcium
concentrations
in drinking
water were not
discussed

Drinking water
alone for 27
men (low
group)
Occupational
exposure and
drinking water
for 133 men
(high group)

[0.23 mg/kg/day]®
9 and 24 months

Not stated
Chronic

0.2, 1.0, 4.0
mg/L

[0.003, 0.01,
0.06 mg/kg/day]?
At least 30 years
of continuous
residency in their
communities

3.0 mg/L in
drinking water
2-13 mg/day
estimated for low
group [0.03-0.19
mg/kg/day|?
3.4-27.4 mg/day
estimated for
high group [0.05-
0.39 mg/kg/day]®
Chronic (at

least 1 year for
occupational
exposure)

9Information in brackets was calculated from information given in the papers or as otherwise

noted.
bBased on 70-kg per person.

“Based on consumption of 2 L of drinking water per day by a 60-kg adult.
dReported as 9.0 (3.6) pmol/L for the fluoride group and 1.0 (0.4) pmol/L for the

controls.
“Based on 60-kg per person.
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APPENDIX E 507
Effects Reference
Disturbed glucose homeostasis when given glucose tolerance test. Rigalli
Plasma F: 0.11 and 0.13 mg/L (5.6 and 6.7 pM/L). et al.

1995
Inverse relationship between plasma fluoride and area under curve of insulin de la Sota
during a standard glucose tolerance test. et al.
Plasma F: 0.01-0.18 mg/L (0.5-9.2 pM/L). 1997

Urine F: > 1.1 mg/day.

No significant differences among mean glucose concentrations (nonfasting); all ~ Jackson

mean values were within normal ranges. et al.
1997
Elevated follicle stimulating hormone; decreased testosterone, inhibin B, and Ortiz-
prolactin; apparent reduction in sensitivity of the hypothalamic-pituitary axis to  Perez
negative feedback action from inhibin B. et al.

Fluoride exposures of the two groups overlapped, and occupational exposures 2003
included other chemicals besides fluoride.
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